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General introduction
1. Visual perception	
Our	eyes	are	 important	sensory	organs	 that	allow	us	 to	appreciate	 the	
beauty	around	us,	to	read,	gain	knowledge	and	to	communicate	with	each	
other	by	reading	expressions	on	faces	and	making	eye-contact.	Vision	is	
crucial	for	our	daily	routine	and	therefore,	when	taken	away	by	a	blinding	
disease,	the	quality	of	life	is	severely	impaired.
Although	all	parts	of	the	eye	are	important	for	perceiving	a	good	image,	
the	part	that	initiates	the	visual	process	is	the	retina.	The	retina	is	a	neu-
ronal	tissue	of	about	0.4	millimeter	thick,	decorating	the	back	of	the	eye,	
which is directly stimulated by reflected light from objects in the world 
around	 us.	 Light	 enters	 the	 eye	 passing	 the	 cornea	 and	 the	 pupil,	 the	
small	opening	of	the	iris,	and	is	refracted	by	the	lens	to	continue	through	
the vitreous humor and neuronal layers of the retina to finally reach the 
photoreceptors	that	are	present	at	the	back	of	the	retina	(Fig.	1).	
Fig. 1	Anatomy	of	the	eye	(adapted	from	http://www.myopia.manual.de).
Photoreceptors	are	neurons	that	are	sensitive	to	light	and	capable	of	am-
plifying	 and	 transmitting	 visual	 signals.	 Biochemical	 processes	 in	 the	
photoreceptors	convert	the	 light	 into	electrical	 impulses	that	are	trans-
ferred	by	several	types	of	neurons	to	the	optic	nerve	and	into	the	visual	
brain	cortex	for	further	processing	1.	At	a	central	region	of	the	retina,	the	
fovea,	the	cell	bodies	of	the	proximal	retinal	neurons	are	shifted	to	the	
side,	enabling	light	to	travel	to	the	photoreceptors	relatively	undistorted.	
At	other	parts	of	the	retina,	light	must	travel	through	all	neuronal	layers	
before	reaching	the	photoreceptors	1.
Chapter 1
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2. Development and structure of the retina
During	development	of	a	vertebrate	embryo,	the	retina	is	formed	from	
the	neural	tube	and	is	therefore	actually	a	part	of	the	brain.	Optic	vesicles	
arise	from	two	sides	of	the	developing	neural	tube	and	subsequently	fold	
back	upon	themselves	to	form	the	optic	cup	(Fig.	2).	
Fig. 2	Neural	development	of	the	retina	(adapted	from	http://webvision.med.
utah.edu/anatomy.html).
The	interior	of	the	optic	cup	will	become	the	retina	with	all	its	different	
cell	types	while	the	outside	remains	a	monolayer	of	epithelial	cells	(the	
retinal	 pigment	 epithelium,	 RPE).	 The	 inner	 epithelial	 layer,	 the	 neu-
roepithelium,	gives	rise	to	all	cell	 types	present	 in	the	retina.	Through	
cell	divisions	and	subsequent	migration,	all	cells	are	correctly	positioned.	
Each	cell	type	appears	at	a	different	time	point	during	development,	with	
ganglion cells to be the first to exit the cell cycle and start to differentiate. 
Then	amacrine	neurons,	horizontal	cells	and	cone	photoreceptors	start	
to develop, followed by rod photoreceptors and bipolar cells. In the final 
stage,	the	Müller	glial	cells	arise	2,3.	All	cell	types	are	arranged	in	a	highly	
organized	manner	and	their	cell	compartments	appear	as	ten	distinct	lay-
ers	in	histological	sections	(Fig.	3).	
	 The	RPE	cells	that	are	directly	attached	to	the	choroid,	line	the	
posterior	part	of	the	eye	in	a	single	layer	and	form	a	barrier	between	the	
retina	and	the	choroidal	circulation.	The	RPE	is	involved	in	exchange	of	
nutrients	and	waste	products.	Furthermore,	these	cuboidal	cells	absorb	
any	 light	 not	 captured	 by	 the	 retina	 that	 could	 disrupt	 a	 sharp	 visual	
image	1. RPE cells are filled with melanin, which serves a photoprotec-
tive	role	by	absorbing	radiation	and	scavenging	free	radicals	and	reactive	
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oxygen	species	(ROS)	4-7.	In	addition,	the	RPE	phagocytoses	discs	that	
are	discarded	at	the	tips	of	photoreceptors	and	performs	a	crucial	step	
in	the	phototransduction	cascade,	the	regeneration	of	photopigment.	In	
humans,	100	from	a	total	of	1000	rod	photoreceptor	discs	are	shed	daily.
Fig. 3	Layered	structure	of	the	neural	retina	(monkey)	and	the	adjoining	RPE	
and	choroid	(adapted	from	thesis	A.I.	den	Hollander).
The	remaining	nine	layers	form	the	neural	retina:	1.	the	photoreceptor	
layer,	comprising	the	outer	and	inner	segments	of	rods	and	cones;	2.	the	
outer	limiting	membrane	(OLM),	not	representing	a	genuine	membrane	
but	a	region	where	photoreceptors	contact	each	other	as	well	as	Müller	
glial	cells;	3.	the	outer	nuclear	layer	(ONL),	formed	by	the	nuclei	of	rods	
and	cones;	4.	the	outer	plexiform	layer	(OPL),	comprised	of	the	synapses	
of	photoreceptors	that	connect	to	horizontal,	amacrine	and	bipolar	cells;	
.	the	inner	nuclear	layer,	containing	the	cell	bodies	of	interneurons	and	
Müller	glial	cells;	6.	the	inner	plexiform	layers,	composed	of	the	synapses	
between	interneurons	and	ganglion	cells;	7.	the	ganglion	cell	layer,	con-
taining the cell bodies of these neurons; 8. the optic fiber layer, composed 
of	the	axons	of	ganglion	cells	and	9.	the	inner	limiting	membrane,	formed	
by	the	projections	of	the	Müller	glial	cells	(Fig.	4).
2.1 Sensory neurons and the phototransduction cascade
Two	types	of	photoreceptors,	rods	and	cones,	are	involved	in	acquiring	
vision.	 Cones,	 conical-shaped	 cells,	 are	 concentrated	 in	 the	 fovea	 and	
provide	spatial	resolution.	There	are	three	types	of	cones,	each	respon-
sive	to	photons	of	a	different	range	of	wavelengths.	They	form	the	basis	
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for	color	vision	and	are	used	for	daytime	vision.	Rods	are	cylindrically	
shaped	cells	that	are	involved	in	night	vision	and	are	more	sensitive	to	
light	than	cones.	Rods	contain	more	visual	pigment	than	cones,	enabling	
them	to	capture	more	light	and	amplify	light	signals	stronger.	A	single	
photon	can	evoke	a	detectible	electrical	signal	in	rods,	whereas	hundreds	
of	photons	must	be	absorbed	by	a	cone	to	evoke	a	similar	response.	The	
number	of	connections	rods	and	cones	make	with	other	neurons	in	the	
retina	also	account	for	their	differences	in	performance.	Many	rods	e.g.	
converge	onto	a	single	bipolar	cell,	strengthening	the	response	evoked	by	
light	and	increasing	the	ability	to	detect	dim	light,	whereas	fewer	cones	
converge	on	each	bipolar	cell,	providing	better	spatial	resolution	1.	A	hu-
man	retina	contains	about	6.4	million	cones	and	110-12	million	rods	8.	
The	visual	pigment	that	absorbs	photons	is	embedded	within	the	mem-
branes	of	discs,	the	lamellar	structures	in	the	outer	segment	of	the	pho-
toreceptor.	New	discs	are	continuously	formed	at	the	base	of	the	outer	
segment,	where	a	cilium	(connecting	cilium)	connects	the	outer	segment	
to	 the	 inner	 segments	and	 the	 rest	of	 the	cell	body,	while	discs	 at	 the	
distal	end	are	being	shed	and	phagocytosed	by	the	RPE.	Light	activates	
a	cascade	of	biochemical	reactions	in	the	photoreceptors	called	the	pho-
totransduction	cascade.	It	activates	rhodopsin	by	inducing	isomerization	
of	the	covalently	attached	chromophore	11-cis-retinal	to	all-trans-retinal.	
Fig. 4	 Cellular	 structure	 of	 the	 retina	 (adapted	 from	 http://webvision.med.
utah.edu/).
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The	activated	opsin	results	in	activation	of	G-protein	transducin,	which	
in	its	turn	activates	cyclic	GMP	phosphodiesterase	(PDE).	The	resulting	
decrease	in	cGMP	levels	closes	the	cGMP	gated	cation	channels	in	the	
outer	segment	plasma	membrane,	causing	hyperpolarization	of	photore-
ceptors	that	attenuates	neurotransmitter	release	and	propagates	further	
signal	transduction	to	the	remaining	neurons	in	the	retina.	In	addition,	
a	decline	in	intracellular	calcium	activates	a	negative	feedback	loop	that	
allows	the	photoreceptors	to	recover.	In	order	to	restore	light	sensitivity	
of	the	photopigments,	all-trans-retinal	must	be	converted	back	to	11-cis-
retinal	through	a	multistep	pathway,	called	the	visual	cycle	(reviewed	in	
reference	9).
2.2 Interneurons and projecting neurons
Visual	 information	is	transferred	from	photoreceptors	to	the	ganglions	
cells	via	three	classes	of	interneurons:	bipolar,	horizontal	and	amacrine	
cells.	These	 interneurons	 do	not	 simply	 transmit	 signals,	 but	 combine	
the	signals	from	several	photoreceptors	in	such	a	way	that	the	electrical	
responses	 evoked	 in	 ganglion	 cells	 translate	 to	 the	 precise	 spatial	 and	
temporal	patterns	of	light	from	the	visual	input.	A	bipolar	cell	has	den-
dritic	processes	in	the	outer	synaptic	layer	and	receives	signals	from	ei-
ther	rods	or	cones,	but	never	from	both.	Bipolar	cell	nuclei	are	found	in	
the	inner	nuclear	layer	and	the	axon	terminals	in	the	inner	synaptic	layer,	
where	 they	contact	 the	processes	of	both	amacrine	and	ganglion	cells.	
Horizontal	cells	provide	lateral	inhibition,	which	acts	to	enhance	spatial	
differences	in	photoreceptor	activation	at	the	level	of	bipolar	cells.	The	
axons	of	ganglion	cells	come	together	at	the	optic	disc	to	form	the	optic	
nerve,	which	projects	to	the	brain.	Recently,	a	subset	of	retinal	ganglion	
cells	have	been	observed	to	contain	melanopsin	and	function	in	entrain-
ment of the circadian rhythm and pupil light reflexes 10,11.
2.3 Müller glial cells
Müller	glial	cells	are	specialized	radial	glial	cells,	which	span	the	entire	
retina	and	contact	all	retinal	neuronal	cell	bodies	and	processes	as	well	
as	 blood	 vessels.	They	 are	 responsible	 for	maintaining	 homeostasis	 of	
the retinal extracellular environment and regulate the flow of ions, wa-
ter,	neurotransmitter	molecules,	and	maintain	 the	pH	12.	They	provide	
retinal	neurons	with	nutrients	such	as	lactate	and	pyruvate	and	remove	
metabolic	waste	products	13.	In	addition,	Müller	glial	cells	participate	in	
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the	recycling	of	photopigments	9,14.	All-trans-retinal	that	is	released	during	
regeneration	of	activated	opsin	is	converted	to	all-trans-retinol	in	photo-
receptors.	All-trans-retinol	is	released	by	rods	and	cones	into	the	extracel-
lular	space	and	taken	up	by	Müller	glial	cells.	Different	enzymes	in	Müller	
glial	cells	yield	11-cis-retinal	 through	several	conversion	steps,	which	 is	
subsequently	released	and	taken	up	by	cones	to	generate	cone	opsin	pig-
ment.	This	pathway	is	suggested	to	be	responsible	for	sustained	daylight	
vision	in	vertebrates	14.
Müller glial cells also influence the life and death of retinal neu-
rons	and	photoreceptors	by	releasing	neurotrophic	factors	or	mediating	
the	effects	of	these	factors.	Neurotrophic	factors	may	protect	photore-
ceptors	from	cell	death	directly	(via	bFGF)	or	indirectly,	in	the	case	of	
BDNF	and	CTNF	for	which	no	receptors	are	present	on	photoreceptors,	
via	activation	of	Müller	glia	or	inner	retinal	neurons	1-17.	Recently,	Müller	
glial	cells	were	found	to	be	involved	in	mediating	image	transfer	through	
the	retina	by	minimizing	distortion	and	loss.	Individual	Müller	glial	cells	
can act as optical fibers and transfer light with low scattering from the 
retinal	surface	to	the	photoreceptor	cell	layer	18.
3. Inherited retinal dystrophies 
Retinal	dystrophies	 in	general	are	a	clinically	and	genetically	heteroge-
neous	group	of	diseases	in	which	degeneration	of	the	retina	is	progressive,	
leading	to	partial	or	complete	blindness.	Different	mutations	in	different	
genes	 can	 affect	 different	molecular	 pathways	 in	 the	 retina,	 expressed	
by	degeneration	at	multiple	 levels.	Mutations	can	affect	components	of	
the	phototransduction	pathway	(e.g.	rhodopsin,	arrestin	and	PDE6),	the	
visual	 cycle	 (e.g.	RLBP1	 and	RPE6),	 biosynthesis	 (e.g.	ELOVL4	 and	
CYP4V2),	eye	development	(e.g.	CRX	and	NRL),	retinal	metabolism	(e.g.	
OAT	and	RGR),	cilia	maintenance	and/or	protein	transport	(e.g.	RPGR,	
RPGRIP1,	BBS1-2-4--7),	synapse	functioning	(e.g.	USH3A,	CACNA1F	
and RIMS1), RNA splicing (e.g. PRPF genes), trafficking of intracellular 
proteins	(e.g.	MYO7A	and	USH1G),	phagocytosis	(MERTK),	apoptosis	
(e.g.	CERKL	and	CA4),	Wnt	signaling	(e.g.	FRD4,	LRP	and	NDP)	and	
polarity	(e.g.	CDH23	and	CRB1)	19-21.	
	 The	 work	 described	 in	 this	 thesis	 focuses	 on	 the	 mammalian	
Crumbs proteins, of which three homologues have been identified, 
Crumbs	homologue	1	(CRB1),	CRB2	and	CRB3.	Mutations	in	the	Crumbs 
homologue 1	gene	lead	to	severe	retinal	dystrophies.	Mutations	in	CRB1	have	
19
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first been identified in individuals with retinitis pigmentosa (RP) type 12 
22-24.	Through	a	novel	suppression	subtractive	hybridization	method,	can-
didate genes that are specifically or preferentially expressed in the human 
retina	were	isolated.	CRB1	was	found	to	map	to	chromosome	1q31-q32.1,	
the	region	involved	in	this	severe	form	of	autosomal	recessive	RP	with	
preservation	 of	 para-arteriolar	 retinal	 pigment	 epithelium	 (PPRPE)	 22.	
CRB1	mutations	have	also	been	detected	in	patients	with	RP	with	Coats-
like	exudative	vasculopathy	2	and	early	onset	RP	without	PPRPE	23,26.	
Due	to	the	early	onset	of	symptoms	in	RP12	patients,	CRB1	was	consid-
ered	a	good	candidate	gene	for	Leber	congenital	amaurosis	(LCA).	LCA	
is	the	earliest	and	most	severe	form	of	all	inherited	retinal	dystrophies,	
characterized by severe visual impairment or blindness in the first year of 
life.	LCA	accounts	for	around	%	of	all	inherited	retinal	dystrophies	and	
is	one	of	the	main	causes	of	blindness	in	children	27-29.	Mutations	in	CRB1	
explain	10-1%	of	LCA	cases	2,30-33.
 In RP, rod photoreceptors are first affected leading to a dimin-
ished	dark-adapted	or	 scotopic	 electroretinogram	 (ERG)	 response	 and	
eventually	night	blindness.	This	is	followed	by	progressive	death	of	cone	
photoreceptors	 (detected	by	a	diminished	 light-adapted	ERG),	 restrict-
ing the visual field initially in the periphery and in advanced stages often 
leading	to	complete	loss	of	vision.	RP	is	estimated	to	affect	one	in	4000	
persons	around	the	world	34,3.	To	date	there	are	no	means	for	prevention	
or	effective	(pharmaceutical)	treatment,	although	progress	is	being	made	
with	development	of	visual	neuroprosthesis	 36, identification of neuro-
trophic	factors	37,	transplantation	of	photoreceptor	precursors	38	and	gene	
therapy	approaches	39,40.	
	 RP	can	be	inherited	in	an	autosomal	dominant,	autosomal	reces-
sive	or	X-linked	mode.	Fifty	percent	of	patients	are	 isolated	cases	 41,42.	
To	date,	3	genes	have	been	implicated	in	non-syndromic	RP	and	11	loci	
have	been	mapped	(RetNet,	http://www.sph.uth.tmc.edu/Retnet/Table	
B).	Most	RP	forms	are	monogenic,	but	digenic	inheritance	is	also	known	
(reviewed	 in	 reference	 43).	RP	patients	 carrying	 a	 heterozygous	muta-
tions in the ROM1 gene and in the RDS gene were the first example of 
digenic–diallelic	genetics	in	human	disease	44.	Digenic–triallelic	inheri-
tance	was	 found	 in	 a	 syndrome,	Bardet–Biedl	 syndrome	 (BBS),	which	
is	characterized	by	RP,	defects	in	the	kidneys	and	heart,	mental	retarda-
tion	and	obesity.	Some	BBS	families	require	 two	mutant	alleles	 in	one	
gene	and	one	mutant	allele	in	another	gene	to	develop	the	disease.	Other	
examples	 in	which	 autosomal	 recessive	 RP	 is	 presented	 together	with	
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additional clinical findings, are Usher syndrome (sensorineural hearing 
loss),	 Senior-Løken	 syndrome	 (kidney	 defects,	 nephronophthisis),	 Jou-
bert	syndrome	(primarily	neurological	 features,	 including	psychomotor	
delay,	hypotonia,	ataxia	and	in	some	cases	nephronophthisis)	and	Refsum	
disease	 (heart	 failure	 and	brain	defects)	 (OMIM	http://www.ncbi.nlm.
nih.gov/entrez)	43,4.	
4. Approach to determine the composition and function of the 
Crumbs protein complex
At	the	onset	of	the	work	described	in	this	thesis,	not	much	was	known	
about	the	function	of	Crumbs	proteins	in	the	retina,	or	about	the	mecha-
nism	by	which	mutations	in	the	CRB1	gene	cause	retinal	degeneration.	It	
was	postulated	that	the	Crumbs	protein	was	involved	in	maintaining	cell	
polarity	in	the	retina	and	that	the	intracellular	domain	of	Crumbs	com-
prises	two	important	protein-binding	motifs,	for	which	only	one	binding	
partner was identified at that time, namely membrane palmitoylated pro-
tein-	(MPP).	The	aim	of	the	work	presented	here	is	to	determine	the	
composition	of	the	Crumbs	protein	complex	in	the	mammalian	retina,	
and	thereby	obtaining	clues	about	its	function	in	health	and	disease.
	 In	general,	by	determining	binding	partners	for	a	protein	with	an	
unclear	function,	more	information	can	be	obtained	on	its	cellular	func-
tion.	Furthermore,	 unraveling	 the	molecular	 composition	of	 a	 protein	
complex	in	the	past	has	revealed	associated	genes	that	are	causative	for	
the	same	or	similar	diseases.	For	example,	mutations	in	the	RGPR	gene	
(retinitis	pigmentosa	GTPase	regulator)	are	the	main	cause	of	X-linked	
RP	46,47,	while	mutations	in	the	gene	encoding	its	interacting	protein	(RP-
GRIP1)	were	 found	 in	 LCA	 patients	 48-0.	 Very	 recently,	 it	 was	 found	
that	RPGRIP1L	(KIAA100),	a	homologue	of	RPGRIP1	interacts	with	
nephrocysin-4	 (Senior-Løken	 syndrome).	The	 corresponding	 gene	was	
mutated	in	Meckel	syndrome	and	Joubert	syndrome	type	B	1,2.	In	Ush-
er	syndrome,	the	most	common	form	of	deaf-blindness,	eight	causative	
genes that encode proteins of an integrated network have been identified 
and	are	found	to	function	in	similar	pathways	in	hair	cells	and	photore-
ceptors	(reviewed	in	reference	3).
To	identify	novel	binding	partners	of	the	CRB1	protein	complex,	
yeast	two-hybrid	screening	assays	were	deployed	using	bovine	or	human	
retinal	 cDNA	 libraries.	These	 cDNA	 libraries	 contain	 clones	of	many	
genes	 that	are	expressed	 in	 the	 retina.	Some	genes	are	more	abundant	
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than	others	and	consequently	are	more	abundantly	present	in	the	library.	
A	 construct	 encoding	 (part	 of)	 a	 protein	of	 interest	 is	 used	 as	bait	 to	
screen	these	libraries.	This	construct	is	fused	to	the	GAL4	DNA	binding	
domain	(BD)	that	can	bind	to	the	yeast	GAL4	binding	site.	The	clones	
present	in	the	library	(preys)	are	fused	to	the	GAL4	activation	domain	
(AD).	Both	are	 inserted	 into	 the	yeast	 cell	by	 co-transformation	or	by	
mating	two	types	of	yeast.	In	the	latter	method,	one	mating	type	of	yeast	
transformed	with	the	bait,	mates	with	the	complementary	yeast	mating	
type	that	contains	the	library.	Using	this	method,	more	clones	contain-
ing	 both	 bait	 and	 prey	 can	 be	 obtained	 compared	 to	 the	 classical	 co-
transformation	method.	When	bait	and	library	fusion	proteins	interact,	
the	DNA-BD	and	AD	are	brought	into	close	proximity,	thus	recruiting	
a	RNA	polymerase	complex	and	activating	 transcription	of	 several	 re-
porter	genes	present	in	the	yeast	genome	(Fig.	)	4,.
Growth	on	selection	plates	that	 lack	certain	amino	acids,	and	coloring	
Fig. 5	The	principle	of	a	yeast	two-hybrid	assay	(adapted	from	Stratagene	man-
ual	HybriZAP	system).
in	α-	and	β- galactosidase reporter assays allow the identification of pro-
tein-protein	interactions.	The	level	of	expression	of	the	reporter	genes	is	
a	measure	for	 interaction	of	two	proteins.	The	same	assay	can	be	used	
to	test	a	protein	pair	for	interaction.	Upon	ascertainment	of	interaction	
between	 two	proteins,	 several	 complimentary	 techniques	must	be	per-
formed to determine if the binding is specific. Bacterially expressed fu-
sion	 proteins	 in	GST-pull	 down	 assays	 or	 immunoprecipitations	 from	
cultured	cells	can	be	used	to	obtain	this	information.	Even	more	impor-
tantly, binding needs to be confirmed in vivo.	By	combining	localization	
studies	 in	the	retina	with	immunoprecipitations	from	the	same	tissues,	
this	information	can	be	gathered.	
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5. Outline of this thesis
The	aim	of	the	work	presented	in	this	thesis	is	to	determine	the	compo-
sition	and	function	of	the	Crumbs	protein	complex	in	the	mammalian	
retina.		Yeast	two-hybrid	screens	of	bovine	and	human	retinal	cDNA	li-
braries	were	performed	with	the	intracellular	domain	of	CRB1	to	identify	
novel	interaction	partners.	These	screens	solely	revealed	a	known	interac-
tor,	Membrane	Palmitoylated	Protein		(MPP	or	Pals1)	(Chapter 2).	The	
MPP	protein,	belonging	to	 the	MAGUK	family	of	proteins,	contains	
many	domains	 for	potential	protein-protein	 interactions.	Subsequently,	
screens	were	performed	with	those	MPP	domains	for	which	no	inter-
acting	proteins	have	been	described.	
In	Chapter 2, the identification of a novel binding partner for MPP5, 
namely	MPP4	is	described.	MPP4	and	MPP	are	found	to	co-localize	in	
photoreceptors	in	the	retina.
In	Chapter 3,	yeast	two-hybrid	screening	revealed	MPP1	as	an	additional	
binding	partner	for	MPP.	Furthermore,	MPP1	was	found	to	provide	a	
link	between	the	Usher	protein	network	via	interaction	with	the	whirlin	
protein	and	the	Crumbs	protein	complex	(via	MPP)	in	the	retina.	
In	Chapter 4, the identification of Syntenin-1 as an interaction partner for 
MPP	is	described	following	yeast	two-hybrid	screening.	A	function	for	
this	protein	in	the	retina	is	unknown,	but	its	implication	in	the	Crumbs	
protein	complex	suggests	a	role	in	retinal	cell	polarity.
Following	a	candidate	binding	partner	approach,	erythrocyte	membrane	
protein	band	4.1	like		(EPB41L)	is	found	to	be	part	of	the	mammalian	
Crumbs	protein	complex	(Chapter 5).	EPB41L	not	only	binds	to	CRB1,	
CRB2	and	CRB3,	but	also	to	MPP.	Interestingly,	these	interactions	seem	
to	be	conserved	throughout	evolution.
In	Chapter 6,	an	overview	of	the	composition	of	the	mammalian	Crumbs	
protein	complex	is	given	and	possible	functions	of	the	Crumbs	protein	
complex	in	the	retina	are	discussed	based	on	data	described	in	this	thesis	
as	well	as	in	literature.	A	more	general	discussion	on	the	subject	is	pro-
vided	in	Chapter 7.
Members	of	the	Crumbs	protein	network	are	described	in	literature	us-
ing	the	nomenclature	as	described	by	the	Human	Genome	Organisation	
(HUGO)	 Gene	 Nomenclature	 Committee,	 although	 sometimes	 their	
alias	 is	used.	To	 facilitate	 literature	 searches	and	 to	make	 sure	 that	no	
available	data	is	overlooked,	a	list	of	all	protein	names	and	their	aliases	is	
provided	on	page	7.	
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ABSTRACT
Purpose.	Mutations	in	the	human	Crumbs homologue 1	(CRB1) gene	are	a	
frequent	cause	of	Leber	congenital	amaurosis	(LCA)	and	various	forms	
of	retinitis	pigmentosa.	CRB1	is	thought	to	organize	an	intracellular	pro-
tein	scaffold	in	the	retina	that	is	involved	in	photoreceptor	polarity.	This	
study was focused on the identification, subcellular localization and bind-
ing	characteristics	of	a	novel	member	of	the	protein	scaffold	connected	
to	CRB1.
Methods.	To	dissect	the	protein	scaffold	connected	to	CRB1,	the	yeast	
two-hybrid	approach	was	used	to	screen	for	interacting	proteins.	Gluta-
thion	S-transferase	(GST)	pull-down	analysis	and	immunoprecipitation	
were	used	to	verify	protein-protein	interactions.	The	subcellular	localiza-
tion	of	the	proteins	was	visualized	by	immunohistochemistry	and	confo-
cal	microscopy	on	human	 retinas	 and	 immunoelectron	microscopy	on	
mouse	retinas.
Results.	 A	 novel	member	 of	 the	 scaffold	 connected	 to	 CRB1,	 called	
membrane	 palmitoylated	 protein	 (MPP)	 subfamily	member	 4	 (MPP4),	
a	membrane-associated	guanylate	kinase	(MAGUK)	protein,	was	identi-
fied. MPP4 was found to exist in a complex with CRB1 through direct 
interaction	with	 the	MPP	 subfamily	member	MPP	 (PALS1).	 3D	 ho-
mology	modeling	provided	evidence	for	a	mechanism	that	regulates	the	
recruitment	of	both	homo-	and	heterodimers	of	MPP4	and	-	proteins	to	
the	complex.	Localization	studies	in	the	retina	showed	that	CRB1,	MPP	
and	MPP4	co-localize	at	the	outer	limiting	membrane	(OLM).
Conclusion.	These	data	 imply	 that	MPP4	and	 -	have	a	 role	 in	photo-
receptor	polarity	 and,	by	 association	with	CRB1,	pinpoint	 the	 cognate	
genes	as	functional	candidate	genes	for	inherited	retinopathies.
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INTRODUCTION
The	polarized	organization	of	photoreceptor	cells	is	a	fundamental	fea-
ture	of	the	developing	retina.	Polarity	can	be	either	a	dynamic	event	dur-
ing	which	proteins	are	shuttled	across	the	cell	or	a	more	static	process	
in	which	proteins	are	clustered	in	complexes	and	retained	at	particular	
subcellular	locations	1,2.	Detailed	studies	on	the	factors	that	play	a	role	in	
this site-specific localization could provide knowledge about the general 
pathways	that	establish	and	maintain	retinal	polarity.	It	can	also	help	us	
to	understand	the	pathological	pathways	in	the	retina	that	are	triggered	
by	mutations	in	genes	that	encode	components	of	such	complexes.
Several	 members	 of	 the	 membrane	 associated	 guanylate	 kinase	 (MA-
GUK)	protein	family	are	involved	in	cell	polarity	through	their	role	in	
large	multiprotein	complexes	at	tight	junctions	3,4.	This	protein	family	is	
characterized by a specific set of protein-binding domains, consisting of 
one	or	more	PDZ	(postsynaptic	density	9/discs	large/zonula	occludens	1)	
domains,	an	SH3	(Src	homology	3)	domain,	and	a	region	with	homology	
to	a	guanylate	kinase	(GUK)	domain	,6.	Some	members,	such	as	PALS1	
(assigned	the	name	MPP	by	the	HUGO	Gene	Nomenclature	Commit-
tee;	gene.ucl.ac.uk/nomenclature;	hosted	by	the	University	College	Lon-
don,	London,	UK),	ZO1	and	PSD-9,	were	shown	to	be	localized	at	sites	
of	cell-cell	contact	(e.g.,	synapses	and	epithelial	tight	junctions)	7-10.	It	is	
currently	assumed	that	MAGUK	proteins	serve	as	scaffolds	by	recruit-
ment	of	other	MAGUKs,	eventually	linking	them	to	the	cell	cytoskeleton	
or	to	the	carboxyl-terminus	of	transmembrane	proteins	4,11,12.		
	 The	 MAGUK	 protein	 Stardust	 is	 the	Drosophila	 homologue	 of	
MPP,	 one	 of	 the	 seven	mammalian	membrane	 palmitoylated	 protein	
(MPP)	 subfamily	members.	 Stardust	mutants	 exhibit	 severe	disruption	
in	apicobasal	polarity	of	embryonic	epithelia	13.	In	addition,	mutants	of	
the zebra fish homologue Nagie oko	display	severe	defects	in	the	organiza-
tion	of	the	retinal	cell	layers,	14	and	loss	of	Stardust	gives	rise	to	an	eye	
phenotype	in	Drosophila	characterized	by	a	shortened	stalk	membrane	and	
altered	rhabdomere	morphogenesis	resembling	the	Crumbs	mutant	phe-
notype	1-17.
		 Crumbs	is	an	apically	localized	transmembrane	protein	involved	
in	organizing	the	apical	plasma	membrane	subdomains	18-21.	Stardust	has	
been	found	to	colocalize	with	Crumbs	and	interact	physically	with	the	
C-terminal	ERLI	motif	of	Crumbs	via	its	PDZ	domain	22.	This	interac-
tion was recently also identified for their mammalian homologues MPP5 
and	CRB110	as	well	as	for	MPP	and	CRB3	23.	Stardust	and	Crumbs	are	
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both	necessary	to	ensure	stability,	localization,	and	function	in	control-
ling	the	apicobasal	polarity	of	epithelial	cells	18,22.	The	Crumbs-Stardust	
protein	complex	also	recruits	the	Drosophila protein	associated	with	tight	
junctions	 (DPATJ)	 (DPATJ;	 formerly	known	as	Discs	 lost).	This	cyto-
plasmic	multi-PDZ	domain	protein	interacts	indirectly,	via	Stardust,	with	
the	cytoplasmic	tail	of	Crumbs.	These	three	proteins	colocalize	in	Dro-
sophila photoreceptors	 during	 and	 after	 eye	 development	 17.	The	mam-
malian	CRB1-MPP-PATJ	complex	localizes	to	tight	junctions	where	it	
may	control	cell	polarity	10.	In	the	mouse	retina,	the	CRB1-MPP-PATJ	
proteins	co-localize	at	the	apical	region	adjacent	to	adherens	junctions	of	
photoreceptors	24.	The	Drosophila Crumbs	protein	and	the	human	homo-
logue	CRB1	are	3	percent	similar	in	amino	acid	sequence	and	contain	
the	same	conserved	protein	motifs	2. Mutations have been identified in 
the	CRB1 gene	 in	 individuals	with	Leber	congenital	amaurosis	 (LCA);	
retinitis	 pigmentosa	 (RP)	 type	 12,	with	 preservation	of	 para-arteriolar	
retinal	pigment	epithelium	(PPRPE);	RP	with	Coats-like	exudative	vas-
culopathy	and	early	onset	RP	without	PPRPE	26-29.	CRB1	has	been	found	
to	maintain	adherens	junctions	between	photoreceptor	cells	and	Müller	
glia	cells	30,	thus	preventing	delamination	of	the	photoreceptor	layer	and	
death	of	retinal	neurons	24,31.
 In this study we identified a second MPP subfamily member, 
MPP4,	existing	in	a	complex	with	CRB1	through	direct	interaction	with	
MPP.	The	presence	of	MPP4	and	-	in	this	CRB1	protein	complex	im-
plicates	these	proteins	in	photoreceptor	polarity	and	putatively	in	inher-
ited	retinal	dystrophies.
MATERIALS AND METHODS
DNA constructs
Human	retinal	cDNA	(Marathon	Ready;	BD-Clontech,	Palo	Alto,	CA)	
or	mouse	B6D2	 retinal	 cDNA	 synthesized	with	 the	Marathon	 cDNA	
amplification Kit (Marathon; BD-Clontech), was used to amplify the full-
length	cDNAs	for	human	CRB1,	MPP5, MPP4, and	mouse	Mpp4	with	a	
cDNA	PCR	Kit	(Advantage;	Clontech).	For	human	CRB1	the	following	
primers	 were	 used:	 ’-	 GGGATCCAAATACCACCATGGCACTTA-
AGAACATTAACTAC-3’	(sense)	and	’-GATCCTCGAGTCCTAAAT-
CAGTCTCTCCATTGCAGG-3’	 (antisense).	 Italic	 sequences	 denote	
start	and	stop	codons	of	 the	gene.	Two	consecutive	Myc	tags	were	 in-
serted	at	 amino	acid	 (aa)	position	1331	with	 the	 following	primers:	’-
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GCGAACAAAAACTCATCTCAGAAGAGGATCTG-3’	 (sense),	 and	
’-GCAGATCCTCTTCTGAGATGAGTTTTTGTTC-3’	 (antisense).	
The	 human	 MPP5	 PCR	 was	 performed	 with	 primers:	 ’-GATCCC-
GGGCCATCATGACAACATCCCATATGAATGGGCATG-3’	(sense)	
and	 ’-GATCGTCGACTCACCTCAGCCAAGTGGATGGTAC-3’	
(antisense).	Human	MPP4	was	 synthesized	with	primers:	’-GATCCC-
GGGCCATCATGATACAGTCAGACAAAGGAGCAG-3’	(sense)	and	
’-GATCGTCGACTCATTGAGACTCAGTATCTGAG-3’	 (antisense),	
and	mouse	Mpp4 with:	’-GATCCCGGGCCATCATGAGACAGTCT-
GACAGAGGAGCAG-3’	 (sense)	 and	 ’-GATCGTCGACTTAA-
GATTCAGTGTCAGGGGAAACC-3’	 (antisense).	A	3xFLAG	epitope	
tag	was	created	at	 the	N-terminus	of	human	MPP4	with	the	following	
primers:	 ’-GACTACAAAGACCATGACGGTGATTATAAAGAT-
CATGACATCG-ATTACAAGGATGACGATGACAAGCTCATG-3’	
(sense),	and	’-	GTACAGCTTGTCATCGTCATCCTTGTAATCGAT-
GTCATGATCTTTATAATCACCGTCATGGTCTTTGTAGTC	 -3’	
(antisense).	
The	 following	 constructs	 were	 made	 by	 PCR	 using	 a	 cloning	 system	
(Gateway;	 Invitrogen,	 Groningen,	 the	 Netherlands),	 according	 to	 the	
manufacturer’s	 procedures,	 using	 full-length	 constructs	 as	 a	 template:	
the	intracellular	domains	of	bovine	CRB1	(bCRB1intra)	and	human	CRB1	
(hCRB1intra);	 full	 length	human	MPP	(MPPFL);	 the	SH3	and	HOOK	
domain	of	human	MPP	(MPPSH3+HK);	the	C-terminus	of	human	MPP	
from	 the	 HOOK	 domain	 (MPPHK-end);	 the	 PDZ	 domain	 of	 human	
MPP	 (MPPPDZ);	 the	 coiled-coil	 domain	 of	 human	MPP	 (MPPCC);	
the	GUK	domain	of	human	MPP	(MPPGuK);	full	length	human	MPP4	
(MPP4FL);	the	PDZ	domain	of	human	MPP4	(MPP4PDZ);	the	C-terminus	
of	MPP4	containing	 the	E-domain	 and	GUK	domain,	 (MPP4Edom-end);	
the	C-terminus	of	MPP4	(MPP436-637);	the	SH3	and	HOOK	domain	of	
human	MPP4	(MPP4SH3+HK);	the	C-terminus	of	MPP4	from	the	SH3	do-
main	(MPP4SH3-end). Gene-specific primers that were used to make these 
constructs	are	listed	in	Table	1.	The	attB1	and	attB2	linkers	were	attached	
to	the	’	end	of,	respectively,	sense	and	antisense	primers.	
The	 commercially	 adapted	 destination	 vectors	 pBD-GAL4/DEST	
and	 pAD-GAL4/DEST	 (Gateway;	 Invitrogen)	 were	 created	 by	 in-
sertion	of	 the	blunt-ended	 reading	 frame	 (Rf)	 cassette	B	 into,	 respec-
tively,	 the	 EcoRI	 and	 SalI	 sites	 of	 pBD-GAL4-2.1-Cam	 (Stratagene,	
Amsterdam)	 and	 the	BamHI	and	SalI	 sites	of	pAD-GAL4-2.1	 (Strata-
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gene)	 32, with sticky ends previously filled in using Klenow (Invit-
rogen).	 The	 destination	 vectors	 pDest-1	 (N-GST	 fusion	 tag)	 and	
pDest-17	 (N-6xHis	 fusion	 tag)	 were	 purchased	 from	 Invitrogen.	
Table 1.	Sense	and	antisense	primer	sequences	for	Gateway	constructs












hMPP5PDZ (237-348)
Sense Antisense
bCRB1intra (1372-1408)
hCRB1intra (1369-1406)
hMPP5FL (1-675) 
5’-TCGCCTCCAACAAAAGGGCAAC-3’  5’-CCTAGATCAGCCTCTCTGCTGCAG-3’ 
5’-TCACCTCCAACAAAAGGGCAACTCA-3’ 
Construct (a.a. position) 
5’-ATGACAACATCCCATATGAAT-3’
5’-CAGATCAAGCCGCCTCCTG-3’ hMPP5SH3+HK (377-477) 5’-CTTCCTATTTGCTGGCTGATG -3’
5’- ATGATACAGTCAGACAAAGGAG-3’hMPP4FL (1-637)
hMPP5CC (1-122)
hMPP5GuKc (470-675)
hMPP4SH3+HK (245-425)
hMPP4PDZ (141-244)
hMPP4SH3-end (245-637)
5’- GTGTACGTCCGTGCCATGAC-3’ 5’-GTCTATGACTCAGAGTTACT-3’
hMPP5HK-end (408-675)
hMPP4Edom-end (410-637)
hMPP4365-637 (365-637)
5’-ATGACAACATCCCATATGAATG-3’ 5’-TAATATTTTCACAGCATAATGAGG-3’
5’-CTTTATCATCAGCCAGCAAATAGG-3’ 5’-TCACCTCAGCCAAGTGGATGG-3’
5’-TCACCTCAGCCAAGTGGATGG-3’
5’-CCAGGGAAAAGCTTTCAGCAGC-3’ 5’-TCACCTCAGCCAAGTGGATGG-3’
5’-GAGGAGTTTGTTGGCTACGG-3’ 5’-TCATTGAGACTCAGTATCTG-3’
5’-TCATTGAGACTCAGTATCTG-3’
5’-TCATTGAGACTCAGTATCTG-3’
5’-TCATTGAGACTCAGTATCTG-3’
5’-GGTGCCCCTTACGAGGAGG-3’
5’-GTGTACGTCCGTGCCATGAC-3’
5’-CCTAAATCAGTCTCTCCATTGC-3’
5’-TTACAGATGAGAGAGTTTATGAAAG-3’ 5’-GGATTACTGTTTCCTTGGCAGG-3’
5’-TGCCAGACAATATCCCTGAGAG-3’ 5’-CCATCTGCTGGCTATTCACAGG-3’
The	 pDest66	 was	 constructed	 by	 introduction	 of	 a	 reading	 frame	
cassette (Gateway; Invitrogen) into a modified version of pET-43a (No-
vagen,	Madison,	WI)	containing	an	amino	terminal	His6-maltose-bind-
ing	protein	 tag	 (Esposito	D.	 ,	Hartley	 J,	 	unpublished	data,	2003).	All	
novel constructs were verified by nucleotide sequencing.
Yeast two-hybrid 
A	 GAL4-based	 yeast	 two-hybrid	 system	 (Hybrizap;	 Stratagene),	 with	
yeast	 strain	 PJ69-4α,	 was	 used	 to	 identify	 proteins	 that	 interact	 with	
CRB1intra	 and	MPP.	 The	 pBD-hMPPCC,	 pBD-hMPPGuK	 and	 pBD-
hMPPSH3+HK	constructs	were	used	as	baits	on	an	oligo-dT	primed	hu-
man	retina	cDNA	library,	representing	2.1	x	106	primary	cDNA	clones.	
In	total,	8.2	x	10,	1	x	106	and	6.8	x	10	clones	were	plated,	respectively.	
The	human	and	bovine	pBD-CRB1intra	 constructs	were	used	 to	 screen	
respectively	a	pretransformed	oligo-dT	primed	human,	and	a	randomly	
primed	bovine	retina	cDNA	library	by	yeast	cell-to-cell	mating	resulting	
in	screening	10	x	106	and	14	x	106	clones33.	In	subsequent	yeast	two-hybrid	
experiments,	different	domains	of	MPP	and	-4	were	tested	for	interac-
tion	by	cotransformation	into	the	YRG-2	yeast	strain.	Interactions	were	
quantified in a liquid ortho-nitrophenyl-β-D-galactopyranoside	(ONPG)	
assay for β-galactosidase activity 34.
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Antibodies
Bacterially	expressed	full-length	MPP	protein	was	used	for	immuniza-
tion of chicken. The yolk was processed with an IgY Purification Kit 
(Eggcelent	Chicken;	Pierce	Biotechnology,	Rockford,	 IL)	 according	 to	
the	manufacturer’s	protocol,	 and	IgY	antibodies	were	consequently	af-
finity purified on a protein-coupled NHS-activated HP column (Hi-Trap; 
Amersham	Biosciences,	Roosendaal,	The	Netherlands).	
Production	AK2,	AK,	AK7,	AK4	and	AK8	antibodies	have	been	de-
scribed	 24.	Anti-c-myc	monoclonal	mouse	 antibodies	 (clone	 9E10)	were	
purchased from Roche, anti-rat MUPP1 (clone 43) and anti-β-catenin 
(clone	14)	mouse	monoclonal	antibodies	from	BD	Biosciences	(Leiden,	
The	Netherlands),	anti-6x	His	antibody	from	Santa	Cruz	(Heerhugowaard,	
The	Netherlands),	anti-FLAG	monoclonal	mouse	antibody	(clone	M2),	
monoclonal	anti-chicken	IgG	(clone	CG-106)	and	rat	monoclonal	anti-
uvomorulin	 (clone	 Decma-1)	 from	 Sigma-Aldrich	 (Amsterdam,	 The	
Netherlands).	Secondary	antibodies	conjugated	 to	Alexa	488,	Cy3,	 and	
Cy	were	obtained	from	Molecular	probes	(Leiden,	The	Netherlands	and	
Jackson	 ImmunoResearch	 Laboratories	 (West	 Grove,	 PA).	 Secondary	
antibodies	conjugated	 to	horseradish	peroxidase,	were	purchased	 from	
Sigma-Aldrich	and	Zymed	(Uden,	The	Netherlands).
Cell culture 
Human	embryonic	kidney	 (293HEK)	and	Madin-Darby	canine	kidney	
type	II	(MDCKII)	cells	were	grown	in	DMEM	(Invitrogen)	containing	
1%	penicillin/streptomycin	and	10%	fetal	bovine	serum.		
Stably	 transfected	MDCKII/CRB1	clones	were	generated	by	transduc-
tion	of	MDCKII	cells	with	pBABE-CMV-Puro-CRB1	retroviruses,	and	
subsequently	selected	with	2	µg/ml	Puromycin.
GST pull-down, Coimmunoprecipitation, Western blot analysis
Arabinose	inducible	BL21-AI	cells	were	transformed	with	GST-hCRB1in-
tra/pDest1	or	His-MBP-hMPPPDZ/pDest66	and	IPTG	inducible	BL21-
DE3	 cells	 with	 GST-hMPPSH3+HK/pDest1	 or	 His-MBP-hMMP4HK-
end/pDest66.	BL21-DE3	cell	lysates	were	prepared	according	to	a	1.%	
sarkosyl	protocol	with	DNAse	added	before	centrifugation	3.	BL21-AI	
cell	 lysates	 were	 prepared	 (B-Per;	 Pierce	 Biotechnology,	 Etten-Leur,	
The	Netherlands)	with	protease	inhibitors	cocktail	(Roche,	Almere,	The	
Netherlands)	plus	1	µg/ml	pepstatin	A	and		mM	DTT.	For	GST	pull	
downs,	equal	amounts	of	blocked	(1.	mg/ml	BSA)	glutathione	Sepharose	
3
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beads	(4B;	Amersham	Pharmacia,	Uppsala,	Sweden)	with	glutathione	S-
transferase	(GST),	beads	with	GST	fusion	proteins	or	beads	alone	were	
incubated	with	0.	ml	of	lysates	containing	His-MBP-fusion	proteins	for	
2	hours	at	4°C.		After	several	washes	with	lysis	buffer	and	TBS	contain-
ing	1%	triton	X-100	and	2	mM	DTT,	the	beads	were	boiled	and	proteins	
were	resolved	on	SDS-polycrylamide	gels.	
For	coimmunoprecipitation	experiments,	293HEK	cells	were	transfected	
with	pBabe-CMV-Puro/Hygro-CRB1/MPP/MPP4	with	a	commercial	
reagent	 (Fugene	6;	Roche)	or	calcium	phosphate.	After	48	hours,	cells	
were	lysed	in	0	mM	HEPES	(pH	7.4),	10	mM	sodium	chloride,	10%	
glycerol,	0.%	Triton	X-100,	1.	mM	magnesium	chloride,	1	mM	EGTA,	
1 mM phenylmethylsulfonyl fluoride (PMSF), a protease inhibitor cock-
tail (Roche) and 10 μg ml-1	aprotinin	(Sigma-Aldrich).	Either	Protein	LA-
agarose	 (Sigma-Aldrich)	was	used	to	bind	the	primary	antibodies	after	
incubation	of	precleared	supernatants	with	10	to	1	µg	antibody	for	4	to	
16	hours	at	4°C,	or	antibodies	were	precoupled	to	protein	G	beads	(Dy-
nabeads,	Dynal	Biotech	ASA,	Oslo,	Norway)	before	incubation	of	super-
natants	 for	2	hours	at	4°C.	For	 immunoprecipitations	with	anti-MPP	
antibody	SN47,	mouse	monoclonal	anti-chicken	IgG	was	precoupled	to	
protein G Dynabeads (15 μg/reaction), followed by a second round of 
coupling of chicken anti-MPP5 antibody SN47 (10 μg/reaction) and incu-
bation	with	cell	lysates	for	2	hours	at	4°C.	The	beads	were	washed	three	
times	 	 in	 10%	 glycerol/PBS	 or	 lysis	 buffer,	 respectively	 and	 boiled	 in	
sample buffer with β-mercaptoethanol, and the immunocomplexes were 
resolved	by	SDS-PAGE.	For	Western	blot	analyses,	proteins	were	electro-
phoretically	transferred	onto	nitrocellulose	membranes,	which	were	then	
blocked,	 incubated	with	primary	and	secondary	antibodies	 (conjugated	
to	 horseradish	 peroxidase)	 in	 0.3-%	 milk	 powder/TBS,	 and	 washed	
in	TBS.	The	bands	were	visualized	with	a	 chemiluminescence	 reagent	
(ECL;	Amersham	Biosciences).	
N-glycosylation experiments
After reaching 70% confluence, stable clones of MDCKII cells express-
ing	hCRB1	were	cultured	for	1-	days	in	DMEM	supplemented	with	1%	
penicillin/streptomycin, 10% fetal bovine serum and 5 μg /ml tunica-
mycin	dissolved	 in	dimethylsulfoxide	 (DMSO)	or	only	DMSO	for	 the	
control	cells.
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Expression profiles
Total	 RNA	 was	 isolated	 from	 different	 human	 tissues	 and	 from	 an	
ARPE-19	cell-line	36.	For	the	semiquantitative	RT-PCR,	3.1	µg	RNA	was	
reverse	transcribed	using	random	hexanucleotides	37.	A	touchdown	PCR	
was	performed	for	28	and	33	cycles	on	62	ng	cDNA	for	CRB1,	MPP,	
MPP4	 and	 the	 housekeeping	 gene	 GAPDH,	 which	 served	 as	 a	 stan-
dard.	The	following	primer	pairs	were	used:	’-ACCAATGTATTCAA-
CAGGGACC-3’(sense)	 and	 ’-TCGTTTCCGTTGTAGTGTCTCC-
3’	 (antisense)	 for	 CRB1,	 ’-	 GTATGGAACTAGCATAGATTCTG-3’	
(sense)	and	’-	CAAGATCGGAATTCACAATTGCC-3’	(antisense)	for	
MPP,	’-CACCTGTATGGCACTAGTGTGG-3’(sense)	and	’-CATA-
CACCTCATATTCGATGGC-3’(antisense)	for	MPP4,	’-ACCACAGTC-
CATGCCATCAC-3’	 (sense)	 and	 ’-TCCACCACCCTGTTGCTGTA-
3’(antisense)	for	GAPDH.
Immunohistochemistry
Eight	 human	 postmortem	 retinas,	 with	 enucleation	 times	 of	 8	 to	 24	
hours,	were	obtained	from	the	cornea	bank	in	Amsterdam	and	treated	in	
accordance	with	the	Declaration	of	Helsinki	for	the	use	of	human	tissue	
in	research. 
Frozen human retina sections, 10 μm thick, were treated essentially as 
described	previously	24	using	PBS	buffer	and	1%	BSA.	Sections	were	im-
aged	 on	 a	 confocal	 laser-scanning	microscope	 (model	 01;	 Carl	 Zeiss	
Meditec,	Jena,	Germany).
Immunoelectron Microscopy
Immunoelectron	microscopy	on	mouse	 retina	 sections	was	performed	
as	described	previously	38.	Ultra	thin	sections	were	examined	and	pho-
tographed	 (model	 201	 electron	 microscope;	 Phillips,	 Eindhoven,	 The	
Netherlands). 
Molecular modeling of MPP4 and -5 
The	amino	acid	sequences	of	MPP4	(Swiss	Prot	accession	number	Q96JB8;	
http://www.expasy.org;	provided	in	the	public	domain	by	Swiss	Institute	
of	Bioinformatics,	Geneva,	 Switserland)	 and	MPP	 (accession	number	
Q8N3R9)	were	submitted	to	the	3D-PSSM	fold	recognition	server	39	to	
search	 the	protein	data	base	 (PDB)	 for	homology	modeling	 templates.	
The best hit in both cases (E-value 0.07) was PDB file 1KJW, the SH3-
GUK	module	 of	 Postsynaptic	Density	 Protein	 9	 (PSD-9),	 solved	 at	
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1.8	Å	resolution	40.	With	~40%	sequence	identity	in	the	aligned	regions,	
the	modeling	template	PSD-9	can	be	expected	to	be	very	similar	to	the	
target	structures	41,	except	for	structurally	divergent	loop	regions.	Con-
sequently,	homology	models	for	MPP4	and	-	were	built	with	WHAT	IF	
42,	using	a	backbone-dependent	rotamer	library	43	(see	Fig.	3B,	left	side).	
Flexible	HOOK	residues	(blue	in	Fig.	3B)	were	deleted,	and	the	indepen-
dent	SH3	and	GUK	domains	of	MPP4	and	-	were	arranged	in	all	four	
possible	permutations.	Finally	the	side-chain	rotamers	at	the	domain	in-
terface	were	optimized	with	YASARA	(Yasara	Biosciences,	http://www.
yasara.org/index.html) by minimizing the NOVA force field energy 44.	
The	 parameters	 of	 the	 NOVA	 energy	 function	 have	 been	 optimized	
based	on	 known	high-resolution	 x-ray	 structures,	 so	 that	 the	 function	
has	stable	minima	as	close	as	possible	 to	these	structures.	The	relative	
domain-binding	energies	of	the	four	models	were	then	calculated	as	de-
scribed	previously	 4. Coordinate files of the models are available from 
the	authors	upon	request.
RESULTS
Screening for interaction partners of CRB1intra
The	conserved	putative	PDZ	and	FERM	protein-binding	regions	in	the	
intracellular	domain	of	CRB1	suggest	target	epitopes	for	different	inter-
actions	in	this	relatively	small	domain.	Therefore,	we	used	this	domain	
as	 a	 bait	 to	 screen	 bovine	 and	 human	 yeast	 two-hybrid	 retina	 cDNA	
libraries. We identified only MPP5 as an interacting protein from the 
bovine	 randomly	primed	 library	 library	 (13	clones	out	of	1.4	x	107	co-
transformants	analyzed).	A	highly	saturated	screen	of	the	human	oligo-
dT-primed	retina	cDNA	library	(1	x	107	cotransformants)	did	not	reveal	
any	interactors.
	
Identification of a novel interactor of MPP5
Although	the	MAGUK	proteins	in	general,	and	the	MPP	family	of	pro-
teins	in	particular,	contain	different	conserved	putative	protein-protein	
interaction	 domains	 that	 allow	 the	 build	 up	 of	 a	 scaffold,	 only	 a	 few	
of	 these	 domains	 in	MPP	have	 known	 ligands	 (Fig.	 1).	We	 used	 the	
conserved	 epitopes	 of	 human	MPP,	 for	 which	 no	 partners	 have	 yet	
been identified, as baits in yeast two-hybrid screens of a human oligo-
dT-primed	retina	cDNA	library.	We	did	not	identify	interactors	for	the	
coiled-coil	domain	(amino	acid	[aa]	1-122)	nor	for	the	GUK	domain	(aa	
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470-67;	data	not	shown).	However,	a	bait	construct	containing	the	SH3-
HOOK	region	of	human	MPP	was	found	to	interact	with	MPP4.	Four	
different clones containing the C-terminus of MPP4 were identified, with 
the GUK domain flanked by strands E and F (Fig. 1), starting at aa. 
319	 (#228),	 aa.	 36	 (#73),	 aa.	 368	 (#221)	 and	 aa.	 390	 (#78)	 (Fig.	 2A).	
The binding affinities of these different clones for MPP5 were measured 
semi-quantitatively	 in	 a	 liquid	 ortho-nitrophenyl-β-D-galactopyranoside	
(ONPG)	 assay,	 revealing	 that	 the	peptide	 stretch	of	MPP4	 containing	
the	region	E,	GUK	and	F	is	essential	for	the	interaction.	However,	when	
more amino acids are present at the N-terminus, the binding affinity 
increased. 
Fig.1 Alignment of Stardust homologues
Stardust	was	individually	aligned	with	its	closest	human	homologue	MPP	and	
with	human	and	mouse	MPP4.	The	percentages	of	identical	and	similar	amino	
acid	sequence	of	the	conserved	PDZ,	SH3	and	GUK	domains	are	shown	in	the	
respective	boxes.	Stardust	and	MPP	contain	an	additional	HOOK	domain.	
Strands A and D flanking the SH3 domain and E and F flanking the GUK 
domain were identified according to homology with PSD-95.
Association of MPP4 and -5 In Vitro and In Vivo
The interaction between MPP4 and -5 was confirmed in a GST pull-
down	assay	(Fig.	2B).	GST-MPPSH3+HK	fused	to	glutathione-Sepharose	
efficiently pulled down His-MBP-MPP436-637	(Fig.	2B).	
Furthermore,	to	test	for	a	physical	interaction	between	MPP4	and	-	in	
the	presence	or	absence	of	CRB1,	we	used	293HEK	cells	overexpress-
ing	MPP4,	and/or	MPP,	and/or	CRB1	in	immunoprecipitation	experi-
ments	 (Fig.	2C-D).	Anti-FLAG	antibody	coimmunoprecipitated	MPP	
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from	cells	 overproducing	 3xFLAG-MPP4	 and	MPP,	 as	well	 as	 from	
cells	overproducing	3x	FLAG-MPP4,	MPP	and	CRB1	(Fig.	2C).	The	80	
kDa	recombinant	and	the	endogenously	expressed	70	kDa	MPP	coim-
munoprecipitated	with	MPP4	(Fig.	2C).	In	a	reciprocal	experiment,	anti-
MPP	antibody	SN47	coimmunoprecipitated	MPP4	from	cells	overpro-
ducing	3xFLAG-MPP4	and	MPP,	as	well	as	from	cells	overproducing	
3x	FLAG-MPP4,	MPP	and	CRB1	(Fig.	2D).	Coimmunoprecipitation	of	
MPP4	or	CRB1	with	immunoprecipitated	endogenous	70-	and	80-kDa	
MPP	was	 below	 detection	 levels	 (Fig.	 2D,	 and	 data	 not	 shown).	 Re-
combinant MPP5 was efficiently immunoprecipitated by SN47 from cell 
lysates	overproducing	MPP	whereas	endogenous	MPP	was	not	 (data	
not	shown).	By		Western	blot	analysis	we	could	not	detect	endogenous	
expression	 of	 CRB1	 (data	 not	 shown).	 These	 results	 show	 that	MPP4	
interacts	with	MPP	in	the	absence	as	well	as	presence	of	CRB1.	To	test	
for	the	presence	of	a	protein	complex	containing	MPP4	and	CRB1,	we	
used	293HEK	cells	overexpressing	3xFLAG-MPP4	and/or	myc-CRB1.	
Anti-MPP4	antibody	(AK4)	immunoprecipitated	MPP4	from	3xFLAG-
MPP4	 overproducing	 cell	 lines	 (Fig.	 2E),	 and	 coimmunoprecipitated	
CRB1	 from	 cells	 overproducing	 3xFLAG-MPP4	 and	myc-CRB1	 (Fig.	
2F),	though	at	a	much	lower	level.	
	 In	a	reciprocal	experiment,	anti-myc	antibody	immunoprecipitat-
ed	CRB1	from	myc-CRB1	overproducing	cell	lines	(data	not	shown),	and	
coimmunoprecipitated	MPP4	from	cells	overproducing	3xFLAG-MPP4	
and	myc-CRB1	at	similar	low	levels		(Fig.	2G).	This	result,	as	well	as	the	
anti-flag immunoprecipitation of MPP4, indicates the presence of MPP4 
and	CRB1	in	the	same	complex,	likely	through	endogenously	expressed	
MPP.	 The	 calculated	 size	 of	CRB1	was	 14	 kDa,	while	 CRB1	 poly-
clonal	antibodies	recognized	a	protein	>220	kDa	on	Western	blot	from	
293HEK/CRB1	 and	 MDCKII/CRB1	 cells.	 The	 PROSITE	 program	
predicted	23	putative	N-glycosylation	sites	(Swiss	Institute	of	Bioinfor-
matics).	Therefore,	we	tested	whether	CRB1	is	glycosylated	in	MDCKII/
CRB1	cells.	 Incubation	with	 tunicamycin	shifted	 the	molecular	weight	
towards	the	expected	14	kDa	(Fig.	2H),	indicating	extensive	N-glyco-
sylation	of	CRB1.	The	endogenous	Crb1	from	mouse	retina	24	appears	to	
be	over	220	kDa,	while	the	calculated	molecular	weight	is	13	kDa.	This	
suggests	that	N-glycosylation	also	occurs	in	vivo	in	mouse	retina.
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Computer-Based Molecular dynamics and in vivo interaction of 
homo-and heterodimers of MPP4 and -5
The	interacting	domains	of	MPP4	and	-	were	analyzed	by	using	a	panel	
of	deletion	variants	of	both	proteins	in	the	yeast	two-hybrid	system	(Fig.	
3A,	above	dotted	line).	A	fragment	of	MPP	containing	the	SH3-HOOK	
region, flanked by strands A and D, specifically interacts with a frag-
ment of MPP4 containing the GUK domain, flanked by strands E and 
F.		When	either	of	these	strands	was	absent,	the	interaction	was	fully	dis-
rupted	(data	not	shown).	Furthermore,	no	interaction	was	found	between	
the	SH3-HOOK	region	of	MPP	and	the	full-size	SH3-GUK	module	of	
MPP4,	or	between	the	full	length	MPP	and	-4	proteins	(data	not	shown).	
These	results	are	analogous	to	the	intra-	and	intermolecular	interactions	
Fig. 2 Identification	and confirmation of interactions between MPP5 and 
MPP4.	
(A). Determination of the relative binding affinity between MPP5 and -4. YRG-
2	yeast	cells	were	cotransformed	with	the	bait	(SH3-HOOK	region	of	MPP)	
and	different	clones	of	MPP4	from	the	yeast	two-hybrid	screen.	Activation	of	
the	LacZ	reporter	gene	was	determined	by	a	liquid	ONPG	assay	(β-galactosi-
dase	activity,	indicated	by	the	black	bars).	In	this	assay,	the	pBD-GAL4	domain	
fused to the intracellular domain of CRB1, which has no binding affinity for 
the	PDZ	domain	of	MPP4,	was	used	as	a	negative	control	showing	basal	levels	
of	reporter	gene	activation.	
(B). Interaction between MPP5 and MPP4 was confirmed in a GST-MPP5SH3+HK	
pull	down	from	bacterial	lysates	expressing	His-MBP-MPP436-637.
(C).	Anti-FLAG	antibody	coimmunoprecipitated	MPP	from	cells	overproduc-
ing	3xFLAG-MPP4	and	MPP,	as	well	as	from	cells	overproducing	3xFLAG-
MPP4,	MPP	and	CRB1-myc.	Asterisk	indicates	an	endogenous	70	kDa	form	
of	 MPP,	 co-immunoprecipitated	 from	 all	 3xFLAG-MPP4	 overexpressing	
cells.
(D).	 Anti-MPP	 antibody	 (SN47)	 coimmunoprecipitated	 MPP4	 from	 cells	
overproducing	3xFLAG-MPP4	and	MPP,	as	well	as	from	cells	overproducing	
3x	FLAG-MPP4,	MPP	and	CRB1-myc.
(E).	 The	 anti-MPP4	 antibody	 (AK4)	 immunoprecipitated	 MPP4	 from	 cells	
overproducing	MPP4	or	CRB1-myc	and	MPP4.	Asterisk	 indicates	an	unspe-
cific band of 92 kDa. 
(F).	Anti-MPP4	antibody	(AK4)	coimmunoprecipitated	CRB1-myc	from	cells	
overproducing	CRB1-myc	and	MPP4.	
(G).	Anti-myc	antibody	coimmunoprecipitated	MPP4	from	cells	overproduc-
ing	CRB1-myc	and	MPP4.	
(H).	N-glycosylation	of	CRB1.	Incubation	of	stable	MDCKII/CRB1	cells	with	
tunicamycin	shifted	the	molecular	weight	from	over	220	kDa	towards	the	cal-
culated	14	kDa,	indicating	extensive	N-glycosylation	of	CRB1.
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reported	for	the	MAGUK	protein	PSD-9.		In	PSD-9,	the	interaction	
between	 the	SH3	and	GUK	domains	 can	 either	occur	within	 a	 single	
peptide	chain	or	between	separate	peptide	chains.	It	has	been	proposed	
before	that	the	interactions	observed	in	PSD-9	are	a	conserved	feature	
among	MAGUK	proteins	46.	A	similar	mechanism	could	thus	be	expected	
for	MPP4/MPP	based	on	our	experimental	results	and	the	high	percent-
age	of	sequence	identity	to	PSD-9,	especially	at	the	domain	interface.	In	
order	 to	 analyze	 this	possibility,	we	built	 3D	homology	models	of	 the	
SH3-GUK	domains	of	MPP4	and	-	(Fig.	3B,	left),	based	on	the	crystal	
structures	of	PSD-9	40,46.	All	four	permutations	of	domain	interactions	
were	 analyzed:	 MPP4SH3-MPP4GuK,	 MPP4SH3-MPPGuK,	 MPPSH3-MP-
P4GuK	and	MPPSH3-MPPGuK.	 In	all	cases,	 the	domain	 interfaces	were	
stabilized	by	salt	bridges	and	hydrophobic	interactions,	most	prominently	
by	a	conserved	Tyrosine	(Y413	in	MPP4	and	Y466	in	MPP)	that	forms	
the	core	of	the	SH3	domain,	but	belongs	to	the	E-strand	just	before	the	
GUK	domain	(Fig.	3B,	below	dotted	line).	The	domain	binding	energies	
of	the	four	models	are	listed	in	Table	2.	
Table 2.	Binding	energies	(in	kcal/mol)	of	four	SH3/GuK	module	combina-
tions,	predicted	from	homology	models.


 












	 The	binding	energies	of	the	SH3-GUK	module	of	MPP4	and	-	
are	predicted	 according	 to	 the	NOVA	energy	 function	 (in	 kilocalories	
per	mole). Results	were	obtained	by	subtracting	the	NOVA	energy	of	the	
SH3/GUK	complex	from	the	energies	of	the	separated	SH3	and	GUK	
modules;	higher	energies	thus	indicate	better	binding.	The	highest	bind-
ing	energy	(147	kcal.mol)	is	predicted	for	the	SH3/GUK	self-interaction	
in MPP4. This matches our experimental finding in the yeast two-hybrid 
system	that	MPP4	a	full	length	MPP4	construct	did	not	bind	to	MPP	
(data	not	shown),	but	obviously	prefers	the	self-interaction.	The	second	
strongest	binding	energy was	obtained	for	MPPSH3-MPP4GuK.	This	mod-
el	contains	several	salt	bridges	that	are	either	missing	or	less	pronounced	
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Fig. 3 Analysis of the interacting domains of MPP4 and -5.
(A).	To	quantify	the	intermolecular	 interaction	between	MPP4	and	-	(above	
dotted	line),	the	YRG-2	yeast	strain	was	cotransformed	with	the	SH3-HOOK	
region	of	MPP	together	with	two	different	deletion	constructs	of	MPP4.	The	
minimal	 region	 of	MPP4	 needed	 for	 interaction	 contains	 the	E-GuK-F	 re-
gion.	To	determine	the	intramolecular	 interaction	of	MPP	as	well	as	MPP4	
(below	 dotted	 line),	 yeast	 cells	 were	 co-transformed	with	 two	 constructs	 of	
MPP	(pBD-GAL4	domain	fused	to	the	SH3-HOOK	region	and	the	pAD-
GAL4	domain	fused	to	the	HOOK-GuK	domain),	as	well	as	two	constructs	
of	MPP4	 (pBD-GAL4	domain	 fused	 to	 the	GuK	domain	 and	pAD-GAL4	
domain	fused	to	the	SH3 domain). Interactions were quantified by determin-
ing	the	activation	of	the	LacZ	reporter	gene	in	a	liquid	ONPG	assay	(β-galac-
tosidase	 activity,	black	bars).	As	 a	negative	 control,	 the	pBD-GAL4	domain	
fused	 to	CRB1intra	 and	 the	pAD-GAL4	domain	fused	 to	MPP4PDZ	was	used.	
(B).	Homology	modeling	of	MPP4	and	-.	The	initial	models	are	shown	on	the	
left,	covering	the	SH3	(yellow,	green)	and	GuK	domains	(red,	 light	blue).	By	
swapping	the	domains,	one	obtains	a	hetero-dimer,	half	of	which	is	shown	in	
the	middle:	the	SH3	domain	of	MPP	bound	to	the	GuK	domain	of	MPP4.	
Energy	calculations	predicted	a	high	binding	energy	for	this	interaction	(Table	
2),	due	to	a	number	of	salt	bridges,	shown	in	the	close-up:		the	triad	Glu	414MPP4	
-	Lys	31MPP	 -	Asp	96MPP4,	 then	Lys	37MPP	 -	Glu	88MPP4	and	(not	shown)	
Arg	418MPP4	-	Glu	39MPP.	Note	that	an	essential	tyrosine	(Y413)	in	the	GUK	
domain	of	MPP4	sticks	in	the	core	of	the	SH3	domain	of	MPP.	
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Fig. 4	mRNA expression profiles of CRB1, MPP5 and MPP4.
Expression profile of CRB1,	MPP5	and	MPP4	in	human	tissues	and	RPE	cell	
line	(ARPE)	determined	by	RT-PCR.	
1.	retina;	2.	brain;	3.	skeletal	muscle;	4.	heart;	.	lung;	6.	testis;	7.	kidney;	8.	liver;	
9.	placenta;	10.	ARPE;	11.	RPE;	12.	fetal	eye;	13.	fetal	cochlea;	14.	negative	wa-
ter	control.	GAPDH	served	as	a	positive	control.
in	the	remaining	two	models	(Fig.	3B,	right).	Indeed,	the	MPPSH3-MP-
P4GuK interaction was the one we first discovered experimentally in the 
yeast	two-hybrid	screening	(Fig.	3A).
	 To	 further	validate	 the	model	 further,	we	analyzed	 the	binding	
affinities of the SH3 and GUK domains in MPP4 and -5 (Fig. 3A, right). 
We were able to confirm in the sensitive liquid ONPG assay that the 
MPP4	domains	interact	more	strongly	than	the	ones	in	MPP.
Expression of CRB1, MPP5 and MPP4
Expression	 analysis	 by	 semiquantitative	RT-PCR	on	 a	 panel	 of	RNAs	
from	 several	 human	 tissues	 showed	 that	 CRB1	 is	 predominantly	 ex-
pressed in the retina. An increase in the number of PCR cycles identified 
a	lower	level	of	expression	in	brain,	testis	and	fetal	eye	(Fig.	4).	MPP5	is	
more	ubiquitously	expressed	and	 is	also	present	 in	 the	 retina.	MPP4 is	
highly	expressed	in	the	retina.	An	increase	in	the	number	of	PCR	cycles	
identified	a	lower	level	of	expression	in	brain,	testis,	ARPE	cell	line	and	
fetal	eye.	Low	levels	of	MPP4	RNA	were	also	detected	in	human	retinal	
pigment	epithelium.	
Low	levels	of	MPP4	RNA	were	also	detected	in	human	retinal	pigment	
epithelium,	but	MPP4	protein	was	below	detection	levels	in	human	and	
mouse	RPE	24.
4
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Immunolocalizations of CRB1, MPP4 and MPP5 in human retina
Immunohistochemistry	 and	 confocal	 laser	 scanning	 microscopy	 were	
used	 to	determine	 the	subcellular	protein	 localization	of	CRB1,	MPP4	
and	MPP.	Anti-CRB1	 antibodies	AK2	 and	 -	 detected	CRB1	 at	 the	
outer	limiting	membrane	(OLM)	of	human	retina.	Using	monoclonal	an-
tibodies against human β-catenin as a marker for the adherens junctions, 
localization	of	CRB1	apical	to	the	adherens	junctions	was	detected	(Fig.	
A-D).	Anti-MPP	antibodies	(SN47)	detected	the	protein	at	the	OLM,	
also	apical	to	the	AJ	(Fig.	E-H),	where	it	colocalized	with	CRB1	(Fig.	
I-L).	MPP4	was	detected	at	the	OLM	and	in	the	outer	plexiform	layer	
(OPL)	of	human	retina	with	AK4	(and	AK8)	antibodies	(Fig.	M-Q).		At	
the	OLM,	MPP4	was	detected	apical	to	the	adherens	junction.	However,	
the	intensity	of	the	signal	at	the	OLM	was	much	lower	than	the	MPP4	
staining	intensity	in	the	OPL	(Fig.	M-Q).
Ultrastructural localization of mouse Mpp4 in retina 
Mpp4	was	detected	with	immunoelectron	microscopy	at	the	OLM	and	
in	the	cone	pedicles	and	rod	spherules.	At	the	OLM,	Mpp4	was	present	
apically	to	and	at	the	adherens	junction	contacts	(Fig.	6A,E).	Staining	was	
also	detected	at	membranes	of	the	Golgi	area	(Fig.	6A	asterisk,	6D)	and	
other	small	and	large	vesicles	 in	the	inner	segments	of	photoreceptors.	
In	rod	photoreceptors	there	was	a	strong	association	of	the	signal	with	
the	lateral	plasma	membranes	of	the	spherules	(Fig.	6B,F).	In	the	cones,	
the	Mpp4	signal	was	concentrated	at	the	basal	side,	which	comprises	the	
contacts	with	horizontal	and	bipolar	cells,	and	also	at	the	lateral	side	of	
the	pedicle	plasma	membrane	 (Fig.	 6C	asterisk,	 6G).	 In	both	 types	of	
photoreceptors,	Mpp4	staining	was	also	associated	with	vesicles	proximal	
to	the	pre-synaptic	membrane.
The	ultra-structural	study	showed	that	retinal	Mpp4	is	restricted	to	the	
photoreceptors. We did not detect any protein in the Műller (Fig. 6E), 
bipolar, horizontal or other neuronal retinal cell types. This finding cor-
relates	with	in	situ hybridization	analysis	on	mouse	retina	showing	dis-
tribution	of	mRNA	coding	for	Mpp4	protein	in	the	photoreceptor	inner	
segments	and	outer	nuclear	layer	(ONL)	47,48.	We	conclude	that	Mpp4	is	
localized	in	rod	and	cone	photoreceptors	at	the	plasma	membrane	and	
at	membranes	of	intracellular	vesicles	around	the	subapical	region	(SAR)	
and	adherens	junctions,	and	OPL.
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Fig. 5 Distribution of MPP4, 
MPP5, CRB1, and ß-catenin 
in adult human retina.
(A-Q).	 Confocal	 images	 of	
human	 retinas	 stained	 with	
antibodies	 against	 ß-catenin	
(A ,C -D,E ,G -H ,M ,O,Q ) ,	
CRB1(B-D,I,K-L),	 MPP	 (F-
H,J-L),	 MPP4	 (N-O,Q),	 or	
control	 secondary	 antibodies	
(P).	 Anti-ß-catenin	 antibody	
strongly	stained	the	adherence	
junction	 (D,H,Q),	 whereas	
anti-CRB1	 antibody	 AK2	
(D,L),	anti-MPP	SN47	(H,L),	
and	anti-MPP4	AK4	(N-O,Q)	
stained	 the	 SAR	 in	 the	 outer	
limiting	 membrane	 (OLM).	
MPP	 and	 CRB1	 colocalize	
at	 the	 SAR	 (L).	 AK4	 stained	
the	OPL	(N,O)	and	the	OLM	
(O,Q),	whereas	 secondary	an-
tibodies	 (P)	 produced	 some	
background	 staining	 in	 the	
photoreceptor	inner	and	outer	
segments.	 IS,	 inner	 segments;	
ONL,	 outer	 nuclear	 layer;	
OPL,	 outer	 plexiform	 layer;	
OS,	outer	 segments;	 INL,	 in-
ner	 nuclear	 layer.	 Scale	 bars:	
(A-C, H, L, P, Q) 10 μm; (D, 
E-G, I-K, M-O) 20 μm.
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Fig. 6	Immuno-electron microscopy of mouse Mpp4 in retina.	
(A).	In	the	OLM,	Mpp4	was	located	at	the	plasma	membrane	apical	to	and	at	
the	zonula	 adherens	 contacts	 (arrow	head	and	arrows	 respectively).	There	 is	
also	staining	at	the	trans	Golgi	network	(asterisk).	(B).	In	rod	photoreceptors	
the	lateral	plasma	membranes	of	the	spherules	were	strongly	stained	(asterisk).	
Mpp4	 staining	was	 also	 found	 associated	with	 vesicles	 proximal	 to	 the	pre-
synaptic	membrane	 (arrow).	 	 (C).	Mpp4	was	 found	at	 the	basal	 side	of	 cone	
pedicles,	where	it	is	concentrated	at	the	contacts	with	horizontal	cell	processes	
and	bipolar	cell	dendrites	(arrowhead),	and	also	at	the	plasma	membrane	of	the	
lateral	side	of	the	pedicle	membrane	(asterisk).	As	in	rods,	Mpp4	staining	was	
also	associated	with	vesicles	proximal	to	the	pre-synaptic	membrane	(arrow).	
(D).	Detailed	view	of	the	staining	of	the	Golgi	area	in	the	inner	segment	of	a	
rod. (E). Magnification of the AJ showing the presence of the signal only at the 
photoreceptor side, but not in the Műller glia cell. (F). MPP4 is located at the 
pre-synaptic	plasma	membrane,	and	proximal	vesicles	(arrow).	(G).	At	the	cone	
synapse,	the	signal	is	associated	with	the	pre-synaptic	membrane.
Scale bar represents 0.5 μm. R-rod photoreceptor, C-cone photoreceptor, H-
horizontal cell, M- Műller glia cell. 
DISCUSSION
MPP4 as a member of the CRB1 protein scaffold
Recent findings have emphasized the central role of CRB1 and its intra-
cellular	interactor	MPP/PALS1	in	the	regulation	of	epithelial	polarity.	
However,	 the	 larger	part	of	both	CRB1,	containing	a	putative	FERM-
binding	motif,	and	MPP,	containing	the	additional	MAGUK	modules,	
have	not	yet	been	described	to	have	a	role	in	this	process.	The	putative	
protein-protein	 interacting	capacity	of	these	domains	 in	any	tissue	was	
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still	to	be	shown.	This	motivated	us	to	search	for	interactors	with	these	
specific domains in the retina using a yeast two-hybrid approach. In this 
study,	our	results	showed	that	the	MAGUK	protein	MPP4	is	recruited	
to	the	MPP/CRB1	complex	through	direct	binding	of	the	SH3-GUK	
modules	of	both	MPP	family	members.	These	three	proteins	form	a	mul-
tiprotein	complex	at	the	OLM	of	the	retina.		Using	antibodies	directed	
against	the	multiple	PDZ	protein	Mupp1,	we	recently	showed	coimmu-
noprecipitation	of	endogenous	Mpp4,	Mpp	and	Crb1	from	mouse	reti-
nal	lysates	of	wild	type	mice,	and	coimmunoprecipitation	of	Mpp4	and	-	
from	lysates	of	Crb1	knockout	mice	24. We now have identified MPP4 as a 
binding	partner	for	the	SH3-HOOK	region	of	MPP.	
Mechanism of interaction and implications for regulation
The	 interaction	between	MPP	and	 -4	 involves	 the	C-terminal	end	of	
MPP4.	Alternative	interaction	through	L27	domain	dimerization	was	ex-
cluded.	In	a	yeast	two-hybrid	experiment,	no	L27	domain	binding	was	
found	between	MPP4	 and	 -,	whereas	 the	L27	domains	 of	PATJ	 and	
MPP	did	show	interaction	(data	not	shown).		
 Detailed analysis revealed that the E and F strands flanking the 
GUK	domain	of	MPP4	are	essential	for	binding.	This	is	in	full	agreement	
with	 the	 folding	 according	 to	 the	 crystal	 structure	 of	 PSD-9	 40,46.	 In	
PSD-9,	the	SH3-HOOK	region	interacts	both in	cis	and in	trans	with	the	
E-GUK-F	region	 in	vitro.	The	 intramolecular	 interaction	 initially	pro-
hibits	intermolecular	interactions	by	preventing	a	mechanism	called	3D	
domain	swapping.	Domain	swapping	allows	proteins	to	assemble	dimers	
or	higher	order	oligomers	by	exchanging	complementary	substructures	
49-1.	The	need	of	a	cofactor	or	modulator	has	been	postulated	to	switch	
the	preference	 from	 intra-	 towards	 intermolecular	 interactions	 in	vivo,	
thus enabling specific regulation of MAGUK multimerization at the cy-
toplasmic	membrane	40,46.	
	 The	3D	homology	modeling	of	MPP	and	-4	pointed	to	a	PSD-
9-like	interaction	mechanism	that	also	matched	the	results	of	our	yeast	
two-hybrid	binding	assays.	GST	pull-down	analysis	and	immunoprecipi-
tation experiments both confirmed the interactions biochemically and 
provided	 in	 vivo	 evidence	 for	 the	 proposed	 regulatory	mechanism	 of	
heterodimerization.	The	full-length	proteins	that	were	the	targets	for	im-
munoprecipitation	 did	 coprecipitate	 the	 full	 complex	 of	 CRB1,	MPP4	
and	MPP	from	HEK293	cells,	 indicating	that	 in	these	cells	the	regu-
latory	 factor	 is	present	 (Fig.	2C,D).	Good	candidates	 for	 regulation	of	
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the	dimerization	of	MPP	are	members	of	the	4.1	protein	family,	as	the	
variable	hinge	or	HOOK	region	of	MPP	contains	a	conserved	4.1	bind-
ing	motif.	MPP4	does	not	contain	this	particular	conserved	motif	in	the	
same region, but does have a predicted α-helical stretch. We propose that 
regulation	of	dimerization	of	these	MAGUK	proteins	is	one	of	the	fac-
tors	that	governs	a	dynamic	variation	of	proteins	that	are	present	at	this	
polarity-associated	protein	scaffold.
	 SH3	domains	of	tyrosine	kinases	are	usually	involved	in	protein-
protein	interactions	by	binding	to	proline-rich	sequences	2,3,	and	have	
been	described	to	couple	substrates	to	enzymes,	thereby	regulating	enzy-
matic	activities	4.	However,	based	on	the	3D	homology	models	present-
ed herein and the interactions identified in this study, the SH3 module 
of	MPP4	 and	 -	 seems	 to	 be	 functionally	 different	 from	 the	 conven-
tional	ones.	The	SH3	domain	of	MPP	interacts	with	the	GUK	domain	
of	MPP4	as	well	as	with	its	own	GUK	domain.
Distribution of protein expression in the human retina
Whereas	MPP	is	expressed	ubiquitously	7,	both	CRB1	and	MPP4	genes	
are	expressed	more	selectively	in	the	eye	and	brain	.	MPP4	RNA	is	also	
present	in	liver,	spleen,	heart	47,48,,6,	and	in	testis	but	at	much	lower	lev-
els.		Previous	experiments	showed	that	Crb1	and	Mpp4	RNA	is	expressed	
in	the	outer	nuclear	layer	(ONL)	and	inner	photoreceptor	segments	of	the	
retina	47,. Crb1	RNA	was	also	detected	at	low	levels	in	the	inner	nuclear	
layer.	
	 The	 protein	 complex	 CRB1-MPP-MPP4	 localizes	 subapically	
to	the	adherens	junction	at	the	OLM	of	the	retina.	The	localization	of	
Mpp4/MPP4,	Mpp/MPP	and	Crb1/CRB1	appears	to	be	conserved	be-
tween	mice	and	humans	 24.	Our	results	on	MPP4	localization	partially	
overlap	with	the	positioning	described	for	MPP4	in	mouse	retina	48.	Dif-
ferences	in	genetic	background	or	detection	level	may	explain	why	Mpp4	
was	not	detected	in	cones	or	OLM	in	previous	studies	48,	and	may	explain	
the	localization	of	MPP4	in	the	connecting	cilia	of	bovine	and	porcine	
7.
	 We	observed	that	Mpp4	is	detected	at	intracellular	vesicles	and	at	
the	plasma	membrane.	Mpp4	is	also	located	at	the	presynaptic	membrane	
and	proximal	vesicles.	The	localization	of	MPP4	at	more	than	one	func-
tionally	different	cell	structure	suggests	participation	in	different	protein	
complexes.	Some	MAGUK	proteins	target	and	anchor	glutamate	recep-
tors	to	the	synaptic	terminals	8.	It	has	been	proposed	that	the	complex	
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involving	 the	MAGUK	protein	CASK	acts	as	a	nucleation	site	 for	 the	
assembly	of	proteins	involved	in	synaptic	vesicle	exocytosis	and	synaptic	
junctions	9,60.	It	is	tempting	to	speculate	on	possible	functions	of	MPP4	
in	vesicle	 targeting	or	 fusion	 complexes	 at	 the	photoreceptor	 synapses	
and	the	region	apical	to	the	adherens	junction.
Implications for inherited retinal degenerations
Altogether,	 these	 facts	provide	strong	evidence	 for	 the	 involvement	of	
CRB1,	MPP	and	MPP4	in	a	common	pathway	that	determines	the	po-
larity	of	photoreceptors	in	the	retina.	Based	on	the	recruitment	of	both	
MPP4	and	-	to	the	CRB1	protein	scaffold,	the	disruption	of	retinal	lami-
nation	observed	with	loss	of	mouse	Crb1	24 and the zebra fish MPP5 ho-
mologue Nagie oko 14,	and	the	high	expression	of	MPP4	in	the	retina,	we	
propose	that	MPP5	as	well	as	MPP4	are	functional	candidate	genes	for	
inherited	retinal	degenerations.
	 The	MPP4	gene	has	previously	been	screened	for	mutations	in	300	
RP	patients,	and	it	was	mapped	in	a	locus	for	autosomal	recessive	retini-
tis	pigmentosa	(RP26	locus)	on	2q31-33,	but	no	mutations	were	identi-
fied. Recently, mutations in the neighboring CERKL	gene	were	 found	
to	 cause	RP26	 61.	However,	 based	on	 the	more	 severe	phenotype	 that	
is	often	observed	in	patients	with	mutations	in	CRB1,	MPP4	remains	a	
candidate	gene	for	similar	eye	disorders.	Mutational	changes	in	members	
of	the	complex	that	are	closely	linked	could	lead	to	a	similar	disrupting	
effect	of	the	protein	complex	in	the	retina.	Mutation	analysis	in	selected	
patient	panels	could	reveal	the	involvement	of	either	MPP4	or	MPP5	in	
inherited	retina	disorders.
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MPP1 links the Usher network and the Crumbs protein complex
ABSTRACT  
The	highly	ordered	distribution	of	neurons	 is	 an	essential	 feature	of	 a	
functional	 mammalian	 retina.	 Disruptions	 in	 the	 apico-basal	 polarity	
complexes	at	the	outer	limiting	membrane	(OLM)	of	the	retina	are	as-
sociated	with	retinal	patterning	defects	in	vertebrates.	We	have	analyzed	
the	binding	repertoire	of	MPP/Pals1,	a	key	member	of	the	apico-bas-
al	 Crumbs	 polarity	 complex,	 that	 has	 functionally	 conserved	 counter-
parts in zebrafish (nagie oko) and Drosophila (Stardust). We show that 
MPP	 interacts	 with	 its	 MAGUK	 family	 member	 MPP1/p	 at	 the	
OLM.	Mechanistically,	 this	 interaction	 involves	 heterodimerization	 of	
both	MAGUK	modules	 in	 a	 directional	 fashion.	MPP1	 expression	 in	
the	retina	throughout	development	resembles	the	expression	of	whirlin,	
a	multi-PDZ	scaffold	protein	and	an	important	organizer	 in	the	Usher	
protein	network.	We	demonstrate	that	both	proteins	interact	strongly	by	
both	a	classical	PDZ	domain-to-PDZ	binding	motif	(PBM)	mechanism,	
and	a	mechanism	involving	 internal	epitopes.	MPP1	and	whirlin	colo-
calize	 in	 the	retina	at	 the	OLM,	at	 the	outer	synaptic	 layer,	and	at	 the	
basal	bodies	and	the	ciliary	axoneme.	In	view	of	the	known	roles	of	the	
Crumbs and Usher protein networks, our findings suggest a novel link of 
the	core	developmental	processes	of	actin	polymerization	and	establish-
ment/	maintenance	 of	 apico-basal	 cell	 polarity	 through	MPP1.	 These	
processes,	essential	in	neural	development	and	patterning	of	the	retina,	
may	be	disrupted	in	eye	disorders	that	are	associated	with	defects	in	these	
protein	networks.
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INTRODUCTION
The	specialized	layered	structure	of	the	neural	retina	is	a	fundamental,	
conserved	feature	that	is	essential	for	the	correct	perception	of	detailed	
visual	images.	In	addition	to	the	layered	assembly	of	the	different	retinal	
cell	types	and	their	processes,	cells	are	also	distributed	in	a	highly	orga-
nized	fashion	within	the	plane	of	each	cell	layer.	This	retinal	organization	
allows	the	different	cell	types	and	their	processes	to	form	a	dense	mesh-
work	 of	 cell-to-cell	 contacts,	 necessary	 to	 transfer,	 process,	 and	 adapt	
to	 intercellular	signaling	 information.	Aside	from	the	fact	that	the	dif-
ferentiated	layers	of	the	retina	consist	of	seven	major	cell	classes,	studies	
in zebrafish have shown that all retinal cells originate from a single sheet 
of	morphologically	uniform	neuroepithelium	 1. In fully stratified adult 
retinae,	the	apical	cell	junctions	of	this	epithelium	are	retained,	forming	
a	 layer	of	cell-cell	 adhesive	contacts	between	photoreceptors	and	Mül-
ler	glia	cells:	the	outer	limiting	membrane	(OLM).	During	development,	
retinal	 cell	 types	migrate	 away	 from	 the	 neuroepithelium	 to	 form	 the	
inner	 retinal	 layers.	Although	 little	 is	known	about	 the	molecular	cues	
guiding	 the	positioning	of	 neurons	 in	 the	mammalian	 retina,	 the	 dis-
turbed retinal patterning of the zebrafish nok	2,	ome	3,4,	has 3,	glo 3,5	and	moe 
6	mutants	indicates	that	the	associated	proteins,	MPP/Pals1	2,7,	Crb2a	8,	
aPKC	9,	N-cadherin	10	and	EPB41L/YMO1	respectively	11,12,	are	crucial	
for	retinal	integrity.	These	proteins	are	all	part	of	the	apico-basal	polar-
ity	complexes	at	 tight	 junctions	and	adherens	 junctions	of	mammalian	
epithelial	cells.	In	Drosophila,	the	asymmetric	distribution	of	transmem-
brane	protein	Crumbs	and	its	binding	partner	Stardust	(Drosophila	homo-
logue	of	MPP/	nok),	is	instrumental	for	the	generation	and	maintenance	
of	cell	polarity	and	for	the	regulation	of	epithelial	junction	assembly	13-1.
	 Mutations	in	human	Crumbs homologue 1	(CRB1)	lead	to	inherited	
retinal	degenerations	such	as	Leber	congenital	amaurosis	(LCA)	and	reti-
nitis	pigmentosa	(RP)	16.	The	encoded	polypeptide	 localizes	apically	to	
the	OLM	of	the	mammalian	retina	17,	where	it	interacts	with	MPP	18,19.	
At	this	location	MPP	organizes	a	protein	scaffold	that	includes	the	MA-
GUK	family	members	MPP3	20	and	MPP4	18.	In	addition,	MPP	has	also	
been	found	to	interact	with	Lin-7	21,	PAR6	22,	PATJ	23,	MUPP1	19,	Ezrin	
24,	and	the	neuronal	GABA	transporter	GAT1	2.
 We here describe the identification of the specific interaction be-
tween	MPP	and	MPP1,	a.k.a.	erythrocyte	protein	p,	and	their	colo-
calization	at	the	OLM.	In	addition	to	Crumbs	protein	complex	members,	
some Usher proteins, including whirlin/CIP98 have been identified at 
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the	OLM	26.	Our	results	indicate	that	the	multi-PDZ	protein	whirlin	also	
binds	to	MPP1	at	this	subcellular	site.	In	addition,	whirlin-MPP1	colo-
calization	was	determined	 in	 the	outer	plexiform	 layer,	 containing	 the	
synaptic	processes	of	the	photoreceptors,	and	at	the	region	of	the	pho-
toreceptor	cilium.	Mutations	in	whirlin	are	implicated	in	isolated	deafness	
(type	DFNB31)	27	and	in	Usher	syndrome	(type	USH2D)	28.	In	the	inner	
ear,	whirlin	was	found	to	be	essential	in	stereocilia	organization,	and	an	
important	mediator	 of	 actin	 polymerization	 27,29. Our current findings 
suggest	a	link	of	the	core	developmental	processes	of	actin	polymeriza-
tion	and	generation	or	maintenance	of	cell	polarity	through	MPP1	inter-
action	with	MPP	and	whirlin.
MATERIALS AND METHODS
Animals
Wistar	rats	(Harlan,	The	Netherlands)	and	B6/129	F1	mice	used	for	this	
study	were	housed	under	normal	conditions	with	access	to	food	and	wa-
ter	ad libitum.	All	animals	were	treated	in	accordance	with	international	
and	institutional	guidelines.
DNA constructs
Human	retinal	cDNA	was	used	to	clone	full	length	MPP5	as	well	as	the	
SH3+HOOK	domain	 (a.a.	 337-477),	HOOK-end	 (a.a.	 408-67)	 as	 de-
scribed	previously	18.	cDNAs	encoding	human	full-length	whirlin	(amino	
acids	1–907),	PDZ1	(amino	acids	138	-233)	and	PDZ2	(amino	acids	279–
360)	were	cloned	 in	 the	pDONR201	vector	as	previously	described	 30.	
Full	length	human	MPP1	was	cloned	using	IMAGE	clone	#282098.	All	
MPP1	and	whirlin constructs	were	made	by	PCR	using	the	GATEWAY	
cloning	system	(Invitrogen,	Groningen,	the	Netherlands)	using	the	full	
length	constructs	as	a	template	according	to	the	manufacturer’s	proce-
dures. Gene-specific primers that were used are listed in table 2 in the 
supplemental	materials	and	methods.
Yeast two-hybrid
A	GAL4-based	yeast	two-hybrid	system	(Hybrizap,	Stratagene)	was	used	
to	screen	for	proteins	that	interact	with	MPP.	The	DNA	binding	domain	
(pBD)	fused	to	the	SH3	and	HOOK	domain	of	MPP	in	PJ69-4A	was	
used	as	bait	on	a	human	oligo-dT	primed	retinal	cDNA	library	18.	The	
human	oligo-dT	primed	retinal	cDNA	library	was	transformed	in	PJ69-
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4α	and	contained	2.1	x	106	primary	clones.	Positive	clones	were	obtained	
by cell-to-cell mating with an efficiency of 3.4%, resulting in a total num-
ber	of	13	x	106	clones	on	selection	plates	lacking	tryptophan,	leucine,	his-
tidine	and	adenine.	In	total,	11	clones	that	contained	MPP1	were	selected	
based	on	growth	on	these	plates	and	by	α-	and	β-galactosidase	activity.	
To	map	the	interacting	domains	of	MPP,	MPP1	and	whirlin,	constructs	
fused	to	pAD	and	pBD	were	co-transformed	in	PJ694α.	If	yeast	clones	
grow	on	selection	plates	and	show	coloring	in	the	α-	and	β-galactosidase	
activity	assays,	a	protein	pair	is	indicated	positive	for	interaction.	
Antibodies
For	immunostaining	the	following	antibodies	were	used:	anti-β-catenin	
(1:00,	Transduction	laboratories),	anti-MPP	(SN47,	1:20,	Dr.	J.	Wijn-
holds)	18,	anti-MPP1	mouse	serum	A01	(1:	300,	Abnova),	anti-MPP1	rab-
bit	serum	(1:300,	Dr.	A.H.	Chishti)	31,	anti-whirlin	raised	against	a	GST-
fusion	protein	encoding	a	 fragment	 (a.a.	 701–76)	of	 the	 long	 isoform	
(1:00)	26.	Secondary	antibodies	were	conjugated	with	Alexa	488	or	Alexa	
68	(Molecular	probes,	Leiden,	the	Netherlands).	For	immunoprecipita-
tion	 the	 following	 antibodies	were	 used:	 anti-MPP	 SN47,	 anti-MPP1	
N-19	(Santa-Cruz),	anti-whirlin	26,	mouse	anti-chicken	IgG	clone	CG-106	
(Sigma).	Secondary	antibodies:	goat	anti-chicken	HRP,	donkey	anti-goat	
HRP,	rabbit	anti-guinea	pig	HRP	from	Abcam	were	used.
GST-pull down and immunoprecipitations
IPTG	 inducible	 BL21-DE3	 cells	 were	 transformed	 with	 GST-
MPPSH3+HOOK/pDest1,	 GST-MPP1E-end/pDest1,	 GST-MPP1FL/pD-
est1,	 GST-MPP1Cdel9/pDest1,	 GST-MPP1GUK/pDest1,	 His-MBP-
MPPSH3+HOOK/pDest66	 or	 His-MBP-MPP1E-end/pDest66.	 Bacterial	
cell	 lysates	were	prepared	as	previously	described	32.	Equal	amounts	of	
blocked	 (1.	mg/ml	BSA)	glutathione	Sepharose	4B	beads	 (Amersham	
Pharmacia)	with	GST,	GST	 fusion	proteins	or	beads	alone	were	 incu-
bated	with	1	ml	of	bacterial	lysates	containing	His-MBP-fusion	proteins	
overnight	 at	 4°C.	 	HA-tagged	 full	 length	whirlin	or	PDZ3	of	whirlin	
was	expressed	in	Cos-1	cells	as	described	previously	26.	Cos-1	were	lysed	
in	 0	mM	Tris	 pH	 7.,	 10	mM	NaCl,	 0.%	Triton-X100	 and	 passed	
several	times	through	a	needle.	Equal	amounts	of	Cos-1	cell	lysate	were	
incubated	with	GST-MPP1	fusion	proteins	overnight	at	4°C.	After	sev-
eral	washes	with	lysis	buffer	and	TBS	containing	1%	triton	X-100	and	2	
mM	DTT,	beads	were	boiled	and	proteins	were	resolved	on	SDS-PAGE.	
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For	Western	blotting,	proteins	were	electrophoretically	transferred	onto	
nitrocellulose	membranes,	 blocked	 in	 %	milk	 (BioRad)	 and	 incubat-
ed	with	primary	rabbit	antibody	anti-His	 (H-1,	Santa	Cruz)	or	mouse	
monoclonal	 anti-HA	 (Sigma)	 and	 secondary	 antibody	 goat	 anti-rabbit	
Alexa680	(Molecular	probes)	or	goat	anti-mouse	IRDye800	(Rockland).	
The	bands	were	visualized	using	 the	Odyssey	 infrared	 imaging	system	
(LI-COR	Biosciences).
	 For	 immunoprecipitations,	 bovine	 retinas	 obtained	 from	 the	
slaughterhouse	or	mouse	retinas	 (P90)	were	used.	Cytosolic	and	mem-
brane	fractions	were	prepared	as	described	previously	19.	Mouse	mono-
clonal	 anti-chicken	 IgGs	 were	 pre-coupled	 to	 Dynabeads	 protein	 G	
(Invitrogen, Groningen, the Netherlands, 15 μg/reaction), followed by 
a	 second	 round	of	 coupling	 of	 chicken	 anti-MPP	 antibody	 SN47	 (10	
μg/reaction). Both antibodies were covalently crosslinked to the mag-
netic	beads	using	DMP	(Pierce)	according	to	manufacturer’s	procedures	
described	in	the	Dynabeads	protocol.	These	beads	were	incubated	with	
the	bovine	retinal	membrane	fraction	for	2	hours	at	4°C.	MPP1	N-19	an-
tibody (10 μg/reaction) was covalently coupled to Dynabeads protein G 
beads	and	subsequently	incubated	with	the	membrane	fraction	of	mouse	
retinas	for	2	hours	at	4°C.	Protein	A/G	agarose	beads	(Santa	Cruz)	were	
incubated with 2 μl of whirlin antibody, followed by overnight incuba-
tion	with	precleared	mouse	retinal	cytosolic	extract.	After	 incubations,	
the	beads	were	pelleted	and	washed	three	times	with	extraction	buffer	or	
lysis	buffer	for	the	cytosolic	fraction	and	membrane	fraction	respectively.	
Beads	were	boiled	and	proteins	were	resolved	on	SDS-PAGE.	For	West-
ern	blotting,	proteins	were	electrophoretically	transferred	onto	nitrocel-
lulose	or	PVDF	membranes,	blocked	with	%	non-fat	dry	milk	(Biorad)	
in	 PBST	 (0.1%Tween)	 and	 analyzed	with	 the	 appropriate	 primary	 and	
HRP	secondary	antibodies	in	1%	milk	in	PBST.	For	the	analysis	of	MPP1	
in	the	coimmunoprecipitation	experiment	with	MPP,	anti-MPP1	mouse	
serum	A01	(Abnova)	was	used.	Bands	were	visualized	using	Supersignal	
West	Pico	Chemiluminescent	substrate	from	Pierce.
Expression profiling
Total	RNA	was	isolated	from	different	human	tissues,	a	D407	cell	line	
and	an	ARPE-19	cell-line	as	described	previously	33.	For	the	semi	quanti-
tative	RT-PCR,	3.1	µg	RNA	was	reverse	transcribed	using	random	hexa-
nucleotides	34.	A	touchdown	PCR	was	performed	on	62	ng	cDNA	for	the	
MPP1-7	genes	and	the	housekeeping	gene	GUS,	which	served	as	a	stan-
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dard.	Used	primer	combinations	are	described	in	supplemental	materials	
and	methods.
In situ hybridization
Mouse	 embryos	 (E12.-E18.)	 and	 adult	mice	 (P7	 and	P90)	were	 col-
lected	 and	prepared	 for	 in situ	hybridization	 as	described	previously	 26.	
The	MPP1	probe	contains	the	last	3	exons	and	part	of	the	3’UTR.
Immunohistochemistry
Unfixed eyes of Wistar rats (P20) and mice (P90) were isolated and fro-
zen	in	melting	isopentane.	Cryosections	of	10	µm	were	made	and	treated	
with	0.01%	Tween-20	in	PBS	followed	by	a	blocking	step	with	blocking	
solution (0.1% ovalbumin, 0.5% fish gelatin in PBS) as described previ-
ously	26.	Sections	were	incubated	overnight	with	primary	antibody	diluted	
in	blocking	solution	and	for	1	hour	with	secondary	antibody	conjugated	
to	Alexa	488	or	68	(Molecular	probes,	the	Netherlands).	Sections	were	
embedded	with	Prolong	Gold	Anti-fade	(Molecular	Probes).	For	imag-
ing, a Zeiss Axioscop 2 fluorescence microscope with Axiovision soft-
ware	was	used.	
Pre-embedding immunoelectron microscopy
Labeling	was	performed	as	described	previously	 3.	Vibratome	sections	
through	mouse	retina	were	stained	by	primary	antibodies	against	whirlin	
and	MPP1	and	visualized	by	appropriate	secondary	antibodies	(Vectastain	
ABC-Kit, Vector, England). After fixation with 0.5% OsO4	 specimen	
were	embedded	in	araldite	and	ultrathin	sections	were	analyzed	with	a	
FEI	Tecnai	12	TEM.
Molecular modeling of MPP1 and MPP5
The	homology	model	of	MPP1	(Swiss	Prot	entry	EM_HUMAN)	was	
built	 using	 the	 protocol	 described	 for	MPP4	 and	MPP	 previously	 18.	
The	modeling	template	was	again	the	SH3-GUK	module	of	Postsynap-
tic	Density	Protein	9	(PSD-9)	with	~40%	sequence	identity,	solved	at	
1.8	Å	resolution	 36 (PDB ID 1KJW). To estimate the relative affinities 
(Table	1)	of	the	three	homodimers	(MPP1-1,	MPP4-4,	MPP-)	and	the	
three	 heterodimers	 (MPP1-4,	MPP1-,	MPP4-),	molecular	models	 of	
all	nine	different	SH3-GUK	complexes	were	derived	by	permutating	the	
domains	of	the	initial	models	and	re-optimizing	the	side-chains	with	the	
molecular	modeling	program	YASARA	(www.yasara.org),	such	that	the	
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NOVA force field energy was minimal and binding energies could be 
calculated	 18,37,38. Coordinate files of the models are available from the 
authors	upon	request.
RESULTS	
MPP5 specifically interacts with MPP1
Since	MPP	contains	a	number	of	protein-protein	 interaction	domains	
(Fig.	1A),	a	scaffolding	function	was	assigned	to	this	protein.	To	iden-
tify	 interactors	 for	 the	 SH3+HOOK	domain	 of	MPP,	we	 previously	
screened	 a	 human	oligo-dT	primed	 retinal	 cDNA	 library	 and	 isolated	
MPP4	as	an	 interacting	protein	 18.	As	homology	modeling	suggested	a	
potential	heterodimerization	of	different	MPP	family	members,	we	ex-
panded	 the	 yeast	 two-hybrid	 screening	 using	 an	 optimized	 cell-to-cell	
mating protocol. Besides MPP4, we identified 13 prey clones expressing 
MPP1	(Fig.	1B),	but	no	other	clones	for	MPP	family	members.	All	MPP1	
clones	contained	part	of	the	SH3	domain,	the	HOOK	domain	and	GUK	
domain.	Unlike	other	MAGUK	family	members,	MPP1	does	not	contain	
L27	domains.	The	MPP1E-end	 and	MPP1SH3+HOOK	 constructs	were	 used	
in	yeast	two-hybrid	(Fig.	1C)	as	well	as	biochemical	assays	(Fig.	1D	and	
supplemental figure 7) to pinpoint the interacting domains of MPP1 and 
MPP5 and determine their binding specificity. Yeast two-hybrid analysis 
of	 several	MPP1	 and	MPP	 constructs	 showed	 that	 the	 interaction	 is	
directional	(Fig.	1C);	the	MPP1prey	containing	the	GUK	domain	interacts	
with	the	SH3+HOOK	domain	of	MPP,	but	the	SH3+HOOK	domain	
of MPP1 lacks binding affinity for the GUK domain in MPP5HOOK-end.	In	
addition,	the	SH3+HOOK	domain	of	MPP1	can	bind	the	MPP1E-end	pro-
tein	that	contains	the	GUK	domain.	This	indicates	that,	similar	to	other	
MPP	and	MAGUK	proteins,	the	SH3	and	GUK	molecules	are	involved	
in	intramolecular	binding	in	the	same	fashion	as	its	intermolecular	bind-
ing	with	MPP.	This	 intramolecular	binding	may	prevent	homodimer-
ization	in vitro,	as	we	could	not	detect	interaction	of	the	full	length	MPP1	
proteins in the yeast two-hybrid assay. GST-pull down analysis confirmed 
the	interaction	between	the	SH3+HOOK	domain	of	MPP	and	the	C-
terminus of MPP1 (Fig. 1D and supplemental figure 7).
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Fig. 1	MPP5 binds to MPP1 by a GUK/SH3 domain swap. 
(A).	Schematic	representation	of	the	overall	domain	composition	of	MAGUK	
protein	MPP.	Two	L27	domains	and	the	MAGUK	module	containing	a	PDZ,	
SH3	and	GUK	domain	are	present.	A	HOOK	domain	is	found	between	the	
SH3 and GUK domain. Strands A and D flanking the SH3 domain and E 
and F flanking the GUK domain were identified according to homology with 
PSD-9.	MPPSH3+HOOK	was	used	as	bait.	The	MPPHOOK-end	construct	is	used	
in a yeast two-hybrid assay to determine the specificity of the interaction be-
tween	MPP1	and	MPP.	 (B).	 Identical	MPP1	preys	were	found	and	MPP1E-
end,	 MPP1SH3+HOOK,	 MPP1GUK	 and	 MPP1FL	 constructs	 were	 made.	 (C ).	 The	
MPP1prey	interacts	with	the	MPPSH3+HOOK,	but	MPP1SH3+HOOK	does	not	bind	to	
MPPHOOK-end.	Full-length	MPP1	proteins	do	not	bind	to	each	other,	whereas	
selected	parts	of	the	MAGUK	modules	do.	(D).	GST-MPP1E-end	pulled	down	
MPPSH3+HOOK.	Beads	alone	or	GST	did	not	interact	with	MPP,	while	MPP1	
did	not	bind	the	MBP	tag	in	the	control	experiment,	showing	that	this	interac-
tion is specific. (E).	Homology	modeling	of	the	MAGUK	modules	of	MPP1	
and	MPP.	The	 interacting	GUK	and	SH3	domains	of	MPP1	 (red	 and	 yel-
low,	respectively)	and	MPP	(cyan	and	green)	separate	and	form	a	heterodimer	
consisting	of	two	mixed	GUK/SH3	complexes.	The	domain	linker	regions	in	
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Analysis of MPP1- MPP5 interaction by molecular modeling
In	our	initial	work	on	the	MPP4-MPP	interaction,	molecular	modeling	
predicted a high binding affinity due to several salt-bridges 18.	Here	we	
repeated	the	analysis	not	only	for	MPP1-MPP,	but	also	for	all	six	homo-	
and	heterodimers	that	can	be	formed	by	MPP1,	MPP4	and	MPP.	In silico	
binding	energies	were	calculated	as	described	previously	18	and	are	listed	
in	Table	1.	The	predicted	binding	energy	of	the	MPP4	homodimer	was	
the	highest,	followed	by	MPP4-MPP,	while	dimers	involving	MPP1	are	
ranked	last.	Visual	inspection	shows	that	this	is	mainly	due	to	a	smaller	
contact	interface	with	fewer	salt-bridges.	Nevertheless,	homology	model-
ing	of	the	MAGUK	modules	supports	MPP1-MPP	heterodimer	forma-
tion (Fig. 1E), and is predicted to reach an affinity close to MPP5-MPP5 
(Table	1).	
MPP1	and	MPP	(shown	in	blue)	are	both	long	enough	to	support	this	rear-
rangement.	 The	 proposed	mechanism	 of	 the	MPP1-GUK/MPP-SH3	 (red,	
green)	interaction	is	shown	as	a	close-up:	Lys	31	and	His	33	in	MPP-SH3	
interact	with	Asp	431	and	Glu	272	in	MPP1-GUK	via	a	salt-bridge	and	a	hy-
drogen	bond,	respectively.	In	addition,	the	GUK	domain	places	Tyr	271	in	the	
hydrophobic core of the SH3 domain, a strong but unspecific interaction found 
Table 1. Estimated	 in silico binding	 energies	 for	 the	 six	 different	 dimers	 of	
MPP1, -4 and -5, sorted from highest to lowest affinity. Each binding energy is 
the	sum	of	the	two	GUK-SH3	interactions.
Complex Energy (kcal/mol)
MPP4-MPP4  378 
MPP4-MPP5  323 
MPP5-MPP5  294 
MPP1-MPP5  283 
MPP1-MPP4  266 
MPP1-MPP1  250 
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MPP1 binds MPP5 at the outer limiting membrane
Expression	analysis	by	semi-quantitative	RT-PCR	on	a	panel	of	RNAs	
from	several	human	tissues	showed	that	MPP1	is	ubiquitously	expressed	
as	other	MPP	family	members,	except	MPP4,	which	is	mainly	found	in	
the retina (Supplemental figure 8). We used RNA in situ	hybridization	on	
mouse	cryosections	 to	monitor	 the	cellular	 levels	of	MPP1	 transcripts,	
and	detected	 a	 distinct	 signal	 in	 the	 eye	 from	E14.	 onwards.	 Intense	
staining	was	present	in	the	liver	and	primitive	gut,	whereas	the	umbili-
cal	vein,	the	ventricular	 layer	of	the	CNS	and	upper/	lower	jaw	region	
showed	lower	signal	intensity	(Fig.	2A).	At	E14.	(Fig.	2B)	and	E16.,	ex-
pression	in	the	liver	and	stomach	was	maintained.	In	addition,	expression	
was	present	in	bonestructures	(e.g.	zygomatic	bone,	lower	jawbone),	cra-
nial	nerve	ganglia	(e.g.	trigeminal	(V)	ganglion),	and	cochlea	(Fig.	2D).	
When viewed at higher magnification, the expression of MPP1	in	the	eye	
could	be	ascribed	to	the	neuroblastic	layer	(Fig.	2F),	the	same	cell	layer	
in	which	the	whirlin	transcript	was	found	to	be	expressed	26.	At	E16.	and	
E18.	a	slightly	higher	intensity	of	staining	in	the	neuroblastic	layer	was	
seen	(Fig.	2G,	H).	At	E16.,	strong	staining	in	the	upper	part	of	the	gut	
was maintained and with the onset of ossification, expression was seen 
in	all	bone	structures	of	the	body	(e.g.	femur,	Fig.	2E).	At	P7	and	P90,	
MPP1 expression in the eye was identified in the ganglion cell layer, the 
inner	nuclear	layer	(INL)	and	photoreceptor	cell	layer	(Fig.	2I,	J).
	 The	subcellular	localization	of	MPP1	in	the	retina	was	analyzed	
using	polyclonal	antibodies	against	MPP1	in	cryosections	of	the	rat	ret-
ina.	We	detected	MPP1	expression	 in	 the	outer	plexiform	layer	 (OPL),	
the	outer	 limiting	membrane	 (OLM),	 the	 inner	 segments	 (IS),	 around	
the	nuclei	of	the	outer	nuclear	layer	(ONL)	and	at	the	connecting	cilium	
(CC)	region	that	separates	the	inner	and	the	outer	segments,	with	both	
anti-MPP1	rabbit	and	mouse	sera.	 	In	addition,	MPP1	was	detected	 in	
the	retinal	pigment	epithelium	(RPE)	(Fig.	3A1).	No	staining	in	the	in-
ner	nuclear	layer,	inner	plexiform	layer	and	ganglion	cell	layer	was	found	
(data	not	shown),	although	the	MPP1	transcript	was	detected	in	the	lat-
ter.	Costaining	with	 anti-β-catenin,	 a	marker	 for	 the	OLM	and	OPL,	
confirmed the presence of MPP1 at these locations (Fig. 3A2 and A3 
and	C2).	Costaining	with	 connecting	cilium	marker	 acetylated	 tubulin	
revealed	some	overlap,	but	most	of	the	MPP1	signal	is	detected	just	be-
low	the	axoneme	of	the	connecting	cilium	(Fig	3B).	Costaining	of	retinal	
sections with antibodies against MPP1 and MPP5 confirmed their colo-
calization	at	the	OLM	in	the	rat	(Fig.	3C)	as	well	as	in	the	mouse	retina	
(data	not	shown).
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Fig. 2 MPP1 expression analysis by RNA in situ hybridisation on embry-
onic and adult mouse tissues. 
In	 sagittal	 whole	 embryo	 cryosections	 low	 levels	 of	 expression	 were	 seen	
throughout	the	embryo.	(A)	MPP1	expression	at	E12.	in	1.	liver;	2.	umbilical	
vein;	3.	primitive	gut;	4.	neuroepithelium;	and	.	upper	jaw	region.	Scalebar	is	
300	µm.	(B)	At	E14.,	expression	was	maintained	in	1.	the	liver;	and	2.	stom-
ach.	 (C)	Hybridisation	with	 a	MPP1	 sense	 probe	 did	 not	 show	 tissue	 label-
ing.	(D)	At	E16.,	the	1.	zygomatic	bone;	2.	lower	jawbone;	3.	trigeminal	(V)	
ganglion;	and	4.	cochlea	showed	expression	of	MPP1.	(E)	A	strong	signal	was	
also	observed	in	1.	femur;	2.	liver;	and	3.	small	intestine	at	this	stage.	Scalebar	
is	 20	µm.	 (F)	 In	 the	 eye,	 a	 slightly	higher	 signal	 intensity	 compared	 to	 sur-
rounding	tissues	was	observed	in	the	inner	neuroblastic	layer.	(G)	No	staining	
was	observed	in	the	eye	after	sense	probe	hybridisation.	(H)	At	E16.	and	(I)	
E18.	expression	was	maintained	in	the	neuroblastic	layer	and	appeared	in	the	
developing	photoreceptor	layer.	( J)	At	P7	and	(K)	P90,	expression	in	1.	gan-
glion	cells;	2.inner	nuclear	layer	(INL)	and	3.	photoreceptor	cell	layer	was	seen.	
Scalebar	is	20	µm.
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Fig. 3 MPP1 and MPP5 interact at the outer limiting membrane of the 
neural retina.
(A).	Staining	of	retinal	cryosections	using	MPP1	rabbit	serum	(red)	detected	
the	protein	at	the		OPL,	ONL,	OLM,	inner	segments,	RPE	and	at	the	connect-
ing	cilium	region.	(A2).	Costaining	with	an	anti-β-catenin	antibody	(green	sig-
nal), a marker for the OLM and OPL, confirmed the presence of MPP1 at these 
locations,	as	shown	by	the	yellow	signal	in	the	overlay	(A3).	(B).	Costaining	of	
MPP1	with	an	antibody	against	the	connecting	cilium	marker	acetylated	tubu-
lin.	(C1).	Anti-MPP	only	stained	the	OLM,	and	costaining	with	anti-MPP1	
(C2)	indicates	their	co-localization	in	the	overlay	(C3).	(D).	Immunoprecipita-
tion	with	MPP	antibody	precipitates	MPP	(7	kD)	as	well	as	MPP1	(	kD)	
from	bovine	retina	(left	panels,	IP	control	is	IgG).	In	the	reverse	experiment,	
MPP1	antibody	coimmunoprecipitates	MPP	from	mouse	retina	(right	panel).
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Immunoprecipitations	 from	 retinal	 lysates	were	 performed	 to	 detect	 a	
physical	 interaction	 between	 MPP1	 and	 MPP.	 Anti-MPP	 antibody	
precipitated	both	MPP	(7	kD)	as	well	as	MPP1	(	kD)	from	bovine	
and	mouse	retinas	(Fig.	3D,	left	panels	and	data	not	shown).	The	recip-
rocal	 immunoprecipitation	experiment	using	anti-MPP1,	coprecipitated	
MPP5, confirming their presence in the same protein complex (Fig. 3D, 
right	panel).
MPP1 binds whirlin at multiple subcellular locations in the retina
Although	a	whirlin-MPP1	interaction	has	previously	been	described	39,	
the	mechanism	of	interaction	was	not	analyzed	in	detail.	We	used	differ-
ent	fragments	of	the	long	isoform	of	whirlin	(Fig.	4A)	to	determine	the	
epitopes	interacting	with	the	C-terminus	of	MPP1	that	is	homologous	to	
the	C-terminus	of	CASK	(Fig.	4B),	another	known	interactor	of	whirlin	
39.	Using	 yeast	 two-hybrid	 analysis,	we	 could	 determine	 that	PDZ3	of	
whirlin	binds	to	the	C-terminal	region	of	MPP1	(MPP1E-end)	containing	
the	atypical	PDZ	binding	motif	(PBM).	Constructs	containing	PDZ1+2	
of	whirlin	did	not	bind	(yeast	two-hybrid	data	not	shown).	We	could	con-
firm binding of whirlinPDZ3	to	GST-MPP1E-end,	but	not	GST-MPP1GUK	or	
unfused	GST	in	a	GST-pull	down	assay	(Fig.	4C).	Using	homology	mod-
eling	of	the	interaction	of	the	PDZ	binding	motif	at	the	C-terminus	of	
MPP1	with	PDZ3	of	whirlin,	we	were	able	to	predict	that	this	interaction	
is	structurally	feasible	(Fig.	4D).	
Fig. 4 Whirlin can bind to MPP1 by two different mechanisms.
(A)	 Schematic	 representation	of	 the	 long	and	 short	 isoform	of	whirlin.	The	
short	isoform	has	an	alternative	starting	sequence	of	37	amino	acids.	Starting	
position	is	indicated	relative	to	the		long	isoform.	Both	isoforms	contain	a	pro-
line	rich	region	(P)	and	the	PDZ3	domain.	A	construct	that	contains	the	PDZ3	
domain	of	whirlin	is	used	for	further	biochemical	analysis.	
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(B).	Alignment	of	the	nine	C-terminal	amino	acids	after	the	GUK	domain	of	
different	MAGUK	proteins.	(C).	Bacterially	expressed	GST-fusion	proteins	of	
MPP1E-end	and	MPP1GUK	were	used	to	determine	the	minimal	binding	domain	
required	for	interaction	with	the	PDZ3	domain	of	HA-tagged	whirlin.	GST-
MPP1E-end	did	bind	to	whirlinPDZ3,	whereas	MPP1	containing	only	the	GUK	
domain	did	not.	Some	background	signal	of	GST-fusion	proteins	is	detected	
in	lane	2	and	3.	(D).	Homology	modeling	of	the	MPP1	C-terminus	bound	to	
the	C-terminal	whirlin	PDZ3	domain	(PDB	1UFX)	indicates	that	the	core	mo-
tif	of	the	interaction	is	the	peptide’s	C-terminal	carboxyl	group	tightly	bound	
by	three	backbone	NH	groups,	a	common	feature	in	PDZ-PBM	interactions.	
However,	this	interaction	is	not	possible	in	1UFX	(the	whirlin	PDZ	structure)	
since one peptide plane is flipped and a C=O faces the carboxyl group. There-
fore,	 it	 is	 predicted	 that	Gly	 87	 in	whirlin	must	 undergo	 a	 conformational	
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	 Strikingly,	when	using	a	mutant	MPP1	protein	with	a	C-terminal	
9	a.a.	deletion	in	these	interaction	studies,	binding	to	the	long	isoform	of	
whirlin	was	not	absent,	only	reduced	compared	to	the	full-length	MPP1	
protein.	A	similarly	weak	binding	could	be	observed	for	full-length	whir-
lin	and	the	MPP1GUK fragment  (Fig. 4E). These findings point to an ad-
ditional	interaction	mechanism,	besides	the	PDZ-PBM	mechanism.
	 Recently,	a	complex	of	whirlin	and	MPP1	was	described	to	local-
ize	to	the	stereocilia	tips	in	hair	cells	of	the	inner	ear	29,	but	a	similar	com-
plex	in	the	retina	has	never	been	reported.	Excitingly,	the	localization	of	
MPP1	in	the	retina	strongly	resembled	the	localization	pattern	of	whirlin	
26.	Immunohistochemical	analysis	of	rat	retinal	sections	using	antibodies	
against whirlin and MPP1 clearly confirmed the colocalization of both 
proteins	 at	 the	OPL,	 the	OLM,	 at	 the	 region	 of	 the	 connecting	 cilia,	
and	somewhat	weaker	at	the	inner	segments	(Fig.	A	and	B).	In	order	to	
confirm the presence of both proteins in the same retinal protein com-
plex,	we	 performed	 co-immunoprecipitation	 analysis.	 The	 anti-whirlin	
antibody efficiently precipitated whirlin (Fig. 5C, top panel), and MPP1 
coprecipitated	as	part	of	the	same	protein	complex	from	the	mouse	ret-
ina	 (Fig.	 C,	 bottom	panel).	 The	 distinct	 colocalization	 of	MPP1	 and	
whirlin	at	the	connecting	cilium	is	particularly	interesting,	as	this	region	
has	been	shown	to	harbor	many	proteins	associated	with	inherited	reti-
nal	degeneration.	Mutations	 in	 the	centrosome/ciliary	protein	CEP290	
(NPHP6)	40,41	and	the	ciliary	protein	lebercilin	42	are	causative	for	LCA,	
while	mutations	in	motor	protein	MyosinVIIa	are	responsible	for	Usher	
syndrome	type	1B	43.	Aberrations	in	Retinitis	Pigmentosa	GTPase	Regu-
lator	 (RPGR)	 and	 its	 interacting	 protein	 (RPGRIP1)	 are	 causative	 for	
X-linked	retinitis	pigmentosa	and	LCA,	respectively	 44-48.	We	therefore	
analyzed	the	connecting	cilium	region	in	detail	by	immuno-electronmi-
croscopy (Fig. 5 D and E). Using specific antibodies against whirlin and 
MPP1,	we	determined	the	localization	of	both	proteins	in	the	basal	bod-
ies	and	the	connecting	cilium	itself.	In	addition,	whirlin	is	detected	in	the	
calycal	processes	surrounding	the	connecting	cilium.
change to allow binding, which is represented in the figure. (E).	The	full	length	
HA-tagged	whirlin	can	bind	to	the	GST-fused	full-length	MPP1	protein	with-
out	the	C-terminal	9	amino	acid	of	MPP1	(GST-MPP1C∆9).	However,	the	in-
teraction	with	MPP1FL,	the	full-length	protein	that	contains	the	PDZ	binding	
motif	is	stronger	(equal	amounts	of	proteins	were	used).	The	C-terminal	part	of	
MPP1	(MPP1E-end)	also	binds	strongly	to	full	length	whirlin,	whereas	the	GUK	
domain	of	MPP1	(MPP1GUK)	without	the	PDZ	binding	motif	still	has	reduced	
affinity.
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Fig. 5 MPP1 interacts with whirlin in photoreceptors.	(A-B).	Retinal	cryo-
sections	 were	 stained	 using	 polyclonal	 antibodies	 against	 whirlin	 (A1)	 and	
MPP1	(A2).	The	signals	show	a	near-complete	overlap	in	the	overlay	(A3).	(B).	
The	most	prominent	staining	was	found	at	the	OPL,	OLM	and	around	the	in-
ner	segments	(IS).	(C).	Immunoprecipitation	of	whirlin	using	a	polyclonal	anti-
whirlin	antibody	precipitated	whirlin	from	mouse	retinal	 lysates	(top).	MPP1	
co-precipitated	with	anti-whirlin	(bottom).	As	a	control,	protein	A/G	agarose	
beads	without	primary	antibody	were	used.	(D).	Pre-embedding	immunolabel-
ing	of	the	ciliary	region	of	mouse	photoreceptors	by	antibodies	against	whirlin	
shows	a	clear	 staining	of	 the	calycal	processes	 (CP),	 the	basal	bodies	 (arrow	
heads)	(D1 and D2)	and	of	the	connecting	cilium	(indicated	by	asterisks)	(D2).	
Sections	stained	with	anti-MPP1	show	an	identical	signal	in	the	basal	bodies	
and	the	connecting	cilium	(E1	and	E2),	but	not	in	the	calycal	process.	Bars	in	
D1	0.	µm;	D2	0.2	µm;	E1	and	E2	0.2	µm.
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DISCUSSION
Basic	 cell	polarity	 and	cell	 adhesion	processes	 that	 are	 intimately	 con-
nected,	govern	the	formation	and	maintenance	of	the	layered	structure	of	
the	retina.	Although	the	association	with	polarity	defects	is	not	yet	well	
understood,	loss	of	the	correct	apico-basal	distribution	of	the	associated	
protein	complexes	at	the	cell	membranes	may	trigger	the	developmental	
disorganization.	In	this	study,	we	have	assessed	one	of	the	key	members	
of	the	apico-basal	polarity	complexes,	MPP,	for	protein-protein	interac-
tions	that	could	provide	clues	for	 its	 involvement	 in	retinal	patterning.	
We identified MPP1 as a novel interactor, and by homology modeling 
predicted	a	binding	mechanism	of	homo-	as	well	as	heterodimerization	
of	the	MAGUK	modules.	Our	data	indicate	that	this	only	occurs	in	spe-
cific orientations of these modules. 
	 MPP1	is	known	to	bind	glycophorin	C	and	protein	4.1	in	a	com-
plex	that	facilitates	subcortical	cytoskeleton-membrane	linkage	in	eryth-
rocytes	and	has	a	scaffold	function	 in	postsynaptic	regions	of	neurons	
in	the	brain	49,0.	A	role	for	this	protein	in	the	retina	however	has	never	
been described. Our findings indicate that MPP1 has several functions 
in	the	retina.	As	a	novel	member	of	the	Crumbs/MPP	protein	network,	
it	may	be	a	crucial	factor	in	connecting	the	Crumbs	protein	complexes	
and/or	the	actin	cytoskeleton	to	the	membrane,	analogous	to	its	function	
in	erythrocytes.	Its	binding	to	the	transmembrane	protein	glycophorin-C	
1	and	CASK	2	was	not	studied	here,	but	may	also	be	needed	to	provide	
an accurate docking point to establish specific membrane subcompart-
ments,	either	in	synaptic	processes	in	the	OPL	or	at	the	OLM.	
	 We	demonstrate	that	the	MPP1	gene	is	ubiquitously	expressed,	in	
adult	 tissues	 and	 throughout	development.	 Its	 expression	 in	 the	 retina	
showed	striking	similarities	to	the	retinal	expression	pattern	of	DFNB31,	
the	gene	encoding	whirlin	26.	During	development	of	the	retina,	expres-
sion	is	highest	 in	the	inner,	neuroblastic	 layer,	while	at	 later	stages	it	 is	
also	present	in	the	photoreceptor	cell	layer.	The	increasing	expression	of	
whirlin	and	MPP1	in	the	inner	neuroblastic	layer	during	early	develop-
ment	may	 implicate	 that	 these	 proteins	 indeed	 play	 a	 role	 at	 the	 early	
stages	of	retinal	pattern	formation.
	 Multi-PDZ	protein	whirlin	 is	 associated	with	 inherited	 isolated	
deafness	(DFNB31)	27	and	Usher	syndrome	(USH2D)	28.	We	and	other	
recently identified whirlin as a key player in the Usher protein network 
both	 in	 the	 retina	 and	 in	 the	 inner	 ear	 26,3.	As	 the	whirlin-MPP1	 in-
teraction was previously identified as a preliminary result from a yeast 
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two-hybrid screen, but without further confirmation 39,	we	analyzed	the	
direct interaction of whirlin and MPP1. We confirmed the interaction in 
the	yeast	two-hybrid	system,	by	GST-pull	down	analysis	and	by	co-im-
munoprecipitation	from	retinal	extracts.	We	could	also	specify	the	bind-
ing	mechanism	to	a	classical	PDZ-amino	terminal	PBM	interaction,	in	
combination	with	a	second	mechanism,	which	most	likely	involves	dif-
ferent	internal	epitopes.	Very	recently,	the	MPP1-whirlin	interaction	was	
also identified in the inner ear at the stereocilia tip 29.	Our	PDZ3-PBM	
interaction	data	specify	in	more	detail	the	PDZ3-GUK	interaction	that	
was	suggested	by	Mburu	et al.	29.
	 Interaction	of	MPP1	with	whirlin	may	provide	a	physical	connec-
tion	of	the	Usher	protein	network	and	the	Crumbs	protein	complex	at	
the	OLM,	via	MPP.	A	schematic	representation	of	these	interactions	is	
given	in	Figure	6.	
Fig. 6 Schematic representation of the link between the Crumbs and Ush-
er protein networks via MPP1.	Transmembrane	proteins	CRB1	and	Usher2A	
bind	with	their	PDZ	binding	motifs	(PBM)	to	the	PDZ	domain	of	MPP	and	
PDZ1/PDZ2	of	whirlin,	respectively.	MPP	interacts	with	MPP1	via	the	SH3-
GUK	domain	binding	mechanism,	while	the	C-terminus	of	MPP1	is	involved	
in	binding	to	PDZ3	of	whirlin.	An	additional	binding	mechanism	is	involved	
in the latter which remains to be specified.
It	was	also	previously	shown,	 that	other	MPP-associated	members	of	
the	Crumbs	protein	complex	are	present	at	the	OLM	18,19,	as	is	true	for	
multiple	whirlin-associated	members	of	the	Usher	protein	network	26,30.	
MPP	localization	is	limited	to	the	OLM,	whereas	MPP1	is	also	present	
at	the	synaptic	layer	(OPL),	the	inner	segments	and	the	region	of	the	con-
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necting	cilium,	in	a	pattern	strongly	resembling	the	retinal	localization	of	
the	Usher	syndrome-associated	proteins	whirlin,	USH2A	and	VLGR-1	
26.	Detailed	immuno-EM	analysis	revealed	the	presence	of	both	MPP1	
and	whirlin	in	the	basal	bodies	and,	to	a	somewhat	lesser	extent,	in	the	
ciliary	axoneme	of	the	photoreceptor	cilium.	We	also	detected	whirlin	in	
the	calycal	processes	of	the	photoreceptor,	the	periciliary	region.	MPP1	
was not found at this specific subcellular site. The role of the whirlin-
MPP1	interaction	at	the	connecting	cilium	and	basal	bodies	remains	to	
be determined, but a number of findings suggest a role for both proteins 
in	actin	organisation	and	dynamics.	Interaction	of	whirlin	with	myosin	
XVa suggests a role in polymerization of the actin filaments that extend 
beneath	the	ciliary	membrane	(similar	as	in	stereocilia	development)	4,,	
while	 association	with	myosin	VIIa	provides	 a	 link	 to	actin-based	op-
sin	transport	in	the	connecting	cilia	6.	The	known	association	of	MPP1	
with 4.1R and the recently identified colocalisation in stereocilia of the 
inner	ear	 suggest	 a	 role	 in	actin	organisation	beyond	 their	 function	 in	
erythrocytes	29,7.	Alternatively	or	simultaneously,	MPP1-whirlin	may	also	
contribute	to	the	maintenance	of	a	radial	microtubule	organization	at	the	
basal	bodies	and	connecting	cilia	by	4.1R,	similar	to	the	role	of	4.1R	in	
centrosomes	8.	
	 The	colocalization	of	MPP1,	MPP	and	whirlin	in	the	retina	indi-
cates	the	complementary	nature	of	their	interaction.	Although	the	exact	
roles of these newly identified partnerships in the retina remain to be 
determined, our current findings suggest a link between the core devel-
opmental	processes	of	actin	polymerization	and	cell	polarity	establish-
ment	or	maintenance	through	MPP1.	We	argue	that	their	interaction,	co-
localization	and	coexpression	patterns	are	in	line	with	an	important	role	
in	generating	apico-basal	polarity	and	patterning	of	the	retina,	processes	
that	may	be	disrupted	in	the	inherited	disorders	associated	with	defects	
in	the	Crumbs	and	Usher	protein	networks.
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SUPPLEMENTARY MATERIAL
Supplemental fig. 7 GST-pull down MPP1 and MPP5.	In	a	GST-pull	down	
assay,	the	SH3+HOOK	domain	of	MPP	pulled	down	the	C-terminal	part	of	
MPP1	containing	the	GUK	domain.	Beads	alone	or	GST	were	not	able	to	in-
teract	with	MPP1,	while	MPP	did	not	bind	the	MBP	tag	in	the	control	experi-
ment, showing that this interaction is specific.
Supplemental fig.8 RT-PCR analysis of the MPP family of genes.	Com-
parison	of	the	expression	of	MPP1	with	the	other	MPP	family	members	using	
semi-quantitative	RT-PCR	analysis	of	different	tissues	indicates	that	MPP1	is	
most	ubiquitously	expressed.	1.	retina;	2.	fetal	cochlea;	3.	fetal	brain;	4.	kidney;	
.	heart;	6.	fetal	eye;	7.	ARPE	cell	 line;	8.	brain;	9.	testis;	10.	skeletal	muscle;	
11.	lung;	12.	negative	control	(water).	The	housekeeping	gene	GUS	served	as	a	
positive	control.
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SUPPLEMENTAL MATERIALS AND METHODS
DNA constructs
Gene-specific primers that were used to generate MPP1 and whirlin con-
structs	 are	 listed	 in	 table	2.	The	 start/stop	 codons	 are	underlined	 and	
amino	acid	positions	are	given	between	brackets.
Sense AntisenseConstruct (a.a. position) 
hMPP1FL (1-466)
hMPP1SH3+HOOK (161-265)
hMPP1E-end (268-466)
hMPP1C∆9 (1-457)
hMPP1GUK (281-454)
hWhirlinPDZ3 (561-907)
5’-ATGACCCTCAAGGCGAG-3’
5’-ATGTTCATGAGAGCGCAGTTTG-3’
5’-TACGAGGAAGTCGTTCGGC-3’
5’-ATGACCCTCAAGGCGAG-3’
5’-AAGAGGAAGACCCTGGTGC-3’
5’-CTCCCAGATGTGTCCGTG-3’
5’-AACCCAGGAGACAGGC-3’
5’-CTGATCAAAAATCGAGCTGTG-3’ 
5’-GCTAGAGCATCACATTGAACTC-3’  
5’-TCAGTAAACCCAGGAGACAGGC-3’
5’-TCATGGAGAACTGCACGCTTGG-3’
5’-GCACGCTTGGTCGAAGGC-3’ 
Table 2. Sense	and	antisense	primer	sequences	for	Gateway	constructs
Expression profiling
For MPP gene expression profiling, the following primer pairs were used: 
’-AAGTATGGCTCAGTCAGCTC-3’(sense)	and	’-GGACAGGGTA-
CACAAACTTCT-3’	(antisense)	for	MPP1,	’-AGCGAATGATGTATTT-
GACC-3’	(sense)	and	’-GTCAATACGTGTGCCATACA-3’	(antisense)	
for	 MPP2.	 ’-AAAGAGACCTGTGACTGTGAG-3’	 (sense)	 and	 ’-
AAGTGCTGTGGGTTCTCAG	-3’	(antisense)	for	MPP3.	’-GTATCT-
CACAACCAGAAATGC-3’	 (sense)	 and	 ’-	 ACCACATAGGGCATA-
AACTC-3’	(antisense)	for	MPP6.	’-	GCAAGAAGAGTGATCAGTACG	
-3’	(sense)	and	’-	TGAGTCTATACTTGTGCCGTAG	-3’	(antisense)	for	
MPP7.	 	 ’-GATCCACCTCTCGATGTTCAC-3’	 (sense)	 and	 ’-CCTT-
TAGTGTTCCCTGCTAG	-3’	(antisense)	for	GUS.
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ABSTRACT
Purpose: The	aim	of	the	study	was	to	dissect	the	binding	repertoire	of	
cell	polarity	determinant	MPP	in	the	retina.	This	MAGUK	protein	with	
its	multiple	protein-protein	interaction	domains	recruits	a	membrane	as-
sociated	protein	scaffold	and	is	implicated	in	the	maintenance	of	cell	ad-
hesion	between	photoreceptors	and	Müller	glia	cells.
Methods:	Yeast	two-hybrid	screening	of	a	bovine	retinal	cDNA	library	
was	performed	using	 the	HOOK	domain	of	MPP.	 Interactions	were	
confirmed in yeast, in GST pull down assays, and by immunoprecipita-
tion.	Retinal	localizations	were	determined	by	immuno-histochemistry.
Results: Syntenin-1 was identified as a binding partner for the HOOK 
domain of MPP5. Interaction was confirmed between the full length 
proteins	 using	 different	 biochemical	methods.	 Syntenin-1	 co-localized	
with	MPP	at	the	outer	limiting	membrane	in	the	mammalian	retina	and	
was	also	detected	in	the	 inner	segments	around	the	region	of	the	con-
necting	cilium,	the	retinal	pigment	epithelium	(RPE)	and	neuronal	cell	
layers,	such	as	the	outer	plexiform	layer,	inner	nuclear	layer	and	ganglion	
cell	layer.
Conclusions: We	here	show	that	multi-PDZ	domain-containing	protein	
syntenin-1	is	part	of	the	MPP	scaffold	in	the	mammalian	retina.	This	is	
the first report that describes a possible role for syntenin-1 in this tissue. 
We	hypothesize	that	by	 interacting	with	MPP,	syntenin-1	could	serve	
an	important	function	in	the	macromolecular	protein	scaffold	that	is	in-
volved	in	the	maintenance	of	cell	adhesion	in	the	mammalian	retina.
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INTRODUCTION
The	highly	ordered	assembly	of	polarized	cells	is	an	essential	feature	of	a	
functional	mammalian	retina.	The	polarized	character	of	different	neu-
rons	including	photoreceptors	is	manifested	by	a	differential	distribution	
of	membrane	components,	protein	complexes	and	cytoskeletal	structures	
into	apical	and	basolateral	compartments.	Cellular	junctions	that	separate	
these	compartments	allow	the	targeted	uptake	and	secretion	of	vesicles,	
and	mediate	cell-cell	adhesion	contributing	to	retinal	integrity	1.
	 MPP	 (Membrane	 Palmitoylated	 Protein	 )	 is	 an	 evolutionary	
conserved	 polarity	 determinant	 that	 has	 a	 scaffolding	 function	 in	 dif-
ferent	polarized	cell	types.	In	the	mammalian	retina,	MPP,	also	known	
as	Pals1	(Protein	Associated	with	Lin7	-1),	forms	a	complex	with	Crumbs	
family	members	2,3.	Human	Crumbs	homologue	1	(CRB1)	together	with	
MPP	organizes	 an	 intracellular	protein	 scaffold	 that	 is	 thought	 to	be	
involved	in	the	maintenance	of	photoreceptor-Müller	glia	cell	adhesion	
2.	This	macromolecular	protein	complex	is	found	at	the	subapical	region	
(SAR),	a	region	just	apical	to	the	adherens	junctions	at	the	outer	limiting	
membrane	 (OLM).	 Adherens	 junctions	 are	 cell-cell	 junctions	 formed	
between	 photoreceptors	 and	 between	 photoreceptors	 and	 Müller	 glia	
that	share	some	similarities	in	compositional	build-up	as	found	in	tight	
junctions	in	epithelia	4.	Mutations	in	the	transmembrane	protein	CRB1	
disrupt	the	retinal	 integrity	by	 loss	of	adhesion	causing	retinal	degene-
ration	in	humans	.	Aberrant	MPP	function	in	nok zebrafish mutants is 
associated	with	retinal	patterning	defects	and	loss	of	OLM	integrity	6,7.
	 MPP	belongs	to	the	MAGUK	protein	family	and	comprises	of	
several	protein-protein	interaction	domains.	The	N-terminus	consists	of	
two	L27	domains	and	a	coiled	coil	domain	followed	by	the	MAGUK	mo-
dule.	The	C-terminal	L27	domain	binds	to	Lin7	8,	while	the	N-terminal	
L27	domain	associates	with	PATJ	9.	In	polarized	epithelial	cells,	MPP	
forms	 a	 tripartite	 complex	with	human	Crumbs	homologue	 3	 (CRB3)	
and	PATJ,	and	localizes	to	tight	junctions.	The	MAGUK	module	consists	
of	a	PDZ	domain	(PSD9/Dlg/ZO1)	that	associates	with	the	terminal	
four	amino	acids	of	CRB1,	CRB2	and	CRB3	(ERLI-motif),	followed	by	
a	SH3	domain	(Scr	homology	3).	This	domain	is	involved	in	binding	to	
MPP1,	MPP3	and	MPP4	protein	family	members	in	the	retina	10-12.	Fur-
thermore,	a	region	with	homology	to	a	guanylate	kinase	domain	(GUK	
domain)	without	catalytic	activity	is	present.	Some	MPP	family	members,	
including	MPP,	contain	a	lysine	rich	region	between	the	SH3	and	GUK	
domain,	called	the	HOOK	domain.	
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 In this study, we describe the identification of a novel interacting 
partner	for	the	HOOK	domain	of	MPP	in	the	retina.	A	yeast	two-hy-
brid	screen	of	a	retinal	cDNA	library	using	this	HOOK	domain	as	a	bait	
revealed	full	length	syntenin-1	as	a	binding	partner.	Additional	bioche-
mical methods confirmed the binding of the full length molecules, and 
by immunohistochemistry we identified colocalization in the retina. 
	 Syntenin-1	 (or	 Pro-TGF-alpha	 cytoplasmic	 domain-interacting	
protein	 18,	 TACIP18	 or	Melanoma	Differentiation-Associated	 gene	 9,	
MDA9)	encodes	a	protein	of	298	amino	acids	and	is	composed	of	three	
separate	structural	domains:	a	tandem	of	PDZ	domains	and	a	relative-
ly	 large	N-terminal	domain	with	unknown	function.	The	protein	 is	an	
adaptor-like	molecule	and	binds	to	membrane	proteins	with	structurally	
related	C-termini,	 for	 example	 it	 binds	 to	 the	 FYA	 carboxyl	 terminal	
amino	acids	of	syndecans	13,14,	neurexins	14,1	and	to	the	carboxyl	terminus	
of	B-type	Ephrins	14,16,17.	Syntenin-1	has	a	variety	of	functions	in	different	
polarized	cell	types	(reviewed	in	18),	ranging	from	a	role	in	cytoskeletal-
membrane	 organization	 13, protein trafficking 19-21	 and	 cell	 adhesion	 22	
to	the	activation	of	transcription	factors	23.	This	study	describes	a	novel	
function	of	syntenin-1	in	the	CRB1-MPP	associated	cell	polarity	com-
plex	in	the	retina.	
MATERIALS AND METHODS
DNA constructs
Human	retinal	cDNA	was	used	to	clone	full	length	MPP	[10].	Full	length	
MPP,	SH3+HOOK,	SH3-end	(containing	the	SH3,	HOOK	and	GUK	
domain)	and	HOOK	domain	constructs	were	made	as	described	previ-
ously	 10.	Human	 syntenin-1	was	 cloned	 using	 IMAGEclone	#383334	
and	GATEWAY	adapted	primers	were	used	according	to	the	manufactu-
rer’s	procedures	with	start	and	stop	codons	underlined	(table	1).
Yeast two-hybrid
A	GAL4-based	yeast	two-hybrid	system	(Hybrizap,	Stratagene,	La	Jolla,	
USA)	was	used	to	identify	proteins	that	interact	with	MPP.	A	construct	
containing	 the	DNA	binding	domain	 fused	 to	 the	HOOK	domain	of	
MPP	was	transformed	in	PJ69-4A	and	used	as	bait	to	screen	a	bovine	
randomly	primed	retinal	cDNA	library	(transformed	in	PJ694α	contai-
ning	1.4	x	106	primary	clones).	Clones	were	obtained	by	cell-to-cell	mating	
with an efficiency of 7%, resulting in a total number of 28 x 106	clones	on	
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selection	plates	lacking	tryptophan,	leucine,	histidine	and	adenine.	Selec-
tion	of	positive	clones	was	based	on	yeast	growth	and	activation	of	MEL-
1	and	LacZ	reporter	genes	in	an	α-galactosidase	plate	assay	and	β-galac-
tosidase filter lift assay, respectively 24.	In	addition,	constructs	containing	
the	SH3-end	or	HOOK	domains	of	MPP fused	to	the	DNA	binding	
domain	 (pBD)	or	 activation	domain	 (pAD)	were	 co-transformed	with	
different	constructs	of	syntenin-1	in	PJ694α	yeast	cells.	The	intracellular	
domain	of	CRB1	was	co-transformed	with	all	syntenin-1	constructs	or	
the	PDZ	domain	of	MPP.
GST pull down , immunoprecipitation and retinal lysates
IPTG	inducible	BL21-DE3	cells	were	transformed	with	GST-hMPPS+H/
pDest1,	 GST-hMPPHOOK/pDest1,	 GST-SynteninFL/pDest1,	 His-
MBP-hMPPS+H/pDest66,	 His-MBP-hMPPHOOK/pDest66	 and	His-
MBP-SynteninFL.	Bacterial	cell	lysates	were	prepared	according	to	a	0.%	
sarkosyl	protocol	with	DNAse	added	before	centrifugation	2.	For	pull	
downs,	equal	amounts	of	blocked	(1.	mg/ml	BSA)	glutathione	Sepharo-
se	4B	beads	(Amersham	Pharmacia,	Roosendaal,	The	Netherlands)	with	
GST,	beads	with	GST	fusion	proteins	or	beads	alone	were	incubated	with	
1	ml	 of	 lysates	 containing	His-MBP-fusion	 proteins	 overnight	 at	 4°C.	
After	several	washes	with	lysis	buffer	and	TBS	containing	1%	triton	X-
100	and	2	mM	DTT,	the	beads	were	boiled	and	proteins	were	resolved	
on	SDS-PAGE.		For	Western	blotting,	proteins	were	electrophoretically	
transferred	onto	nitrocellulose	membranes,	which	were	then	blocked	in	
%	non-fat	dry	milk	(Bio-Rad	Laboratories,	Utrecht,	The	Netherlands),	
incubated	with	primary	antibody	anti-His	(H-1,	Santa	Cruz,	Inc.,	Santa	
Cruz	CA,	USA)	and	secondary	antibody	goat	ant-rabbit	Alexa680	(Mo-
lecular	 probes,	 Paisley,	USA)	 in	 1%	milk,	 and	washed	 in	PBST	 (0.3%	
Tween).	The	bands	were	 visualized	using	Odyssey®	 Infrared	 Imaging	
system	(LI-COR	Biosciences,	Nebraska,	USA).
	 For	 immunoprecipitation,	HEK293	 cells	 were	 transfected	with	
full	 length	FLAG-MPP	using	Effectene	(Qiagen,	Venlo,	The	Nether-
lands). After 24 hours, cells were lysed in 250 μl lysis buffer (50 mM 
Tris-HCl	pH7.,	10	mM	NaCl,	0.%	Triton-X-100	plus	Complete	pro-
tease	inhibitors	(Roche,	Woerden,	The	Netherlands).	Protein	A/G	beads	
(Santa Cruz Biotechnology, Inc., Santa Cruz CA, USA) coupled to 5 μl 
of	mouse	monoclonal	 anti-syntenin-1	 antibody	4D12	 (Dr.	P.	Zimmer-
mann,	Leuven,	Belgium)	were	used	to	immunoprecipitate	endogenously	
expressed	syntenin-1	for	two	hours	at	4°C.	To	determine	the	presence	of	
93
Syntenin-1 is a novel binding partner of  MPP5 in the retina
FLAG-MPP	in	the	co-immunoprecipitate,	Western	blots	were	incuba-
ted	with	monoclonal	anti-FLAG	antibody	(F316,	Sigma-Aldrich,	Zwijn-
drecht,	The	Netherlands).	Bands	were	visualized	either	using	anti-mouse	
secondary	 antibodies	 coupled	 to	 IRDye800	 (Rockland,	 Gilbertsville,	
USA)	in	combination	with	the	Odyssey®	Infrared	Imaging	system	(LI-
COR	Biosciences,	Nebraska,	USA)	or	anti-mouse	secondary	antibodies	
coupled	to	HRP	and	the	Supersignal	West	Pico	Chemiluminescent	sub-
strate	(Pierce,	Rockford,	USA).	Syntenin	bands	were	visualized	using	the	
Synaptic	Systems	antibody	and	an	anti-rabbit	secondary	antibody	coupled	
to	Alexa	680	(Molecular	probes,	Paisley,	UK).
Bovine	retinal	lysates	were	prepared	as	described	previously	2.	On	Wes-
tern blot, 20 μg of the cytosolic fraction and membrane fraction were 
used.	Syntenin	was	detected	using	the	mouse	monoclonal	4D12	antibody	
followed	by	incubation	with	the	anti-mouse	secondary	antibody	coupled	
to	 IRDye800	 and	 detection	with	 the	Odyssey®	 Infrared	 Imaging	 sy-
stem.
Animals
Wistar	rats	(P20)	used	for	this	study	were	housed	under	normal	conditi-
ons	with	access	to	food	and	water	ad libitum.	All	animals	were	treated	in	
accordance	with	international	and	institutional	guidelines.
Immunohistochemistry
Frozen Wistar rat retinal sections of 10 μm were treated as described pre-
viously	26 or blocking solution 0.1% ovalbumin and 0.5% fishgelatin were 
used.	Sections	were	incubated	overnight	with	primary	antibody	and	for	1	
hour	with	secondary	antibody	conjugated	to	Alexa	488	or	68	(Molecular	
probes, Paisley, UK). For imaging, a Zeiss Axioscop 2 fluorescence mi-
croscope	with	Axiovision	software	was	used.
Antibodies
For	immunostaining	the	antibodies	in	the	following	concentrations	were	
used:	mouse	monoclonal	anti-β-catenin,	1:00	(BD	Biosciences,	Alphen	
aan	de	Rijn,	The	Netherlands);	chicken	polyclonal	anti-MPP,	1:00	(Dr.	
J.	Wijnholds,	Amsterdam,	The	Netherlands);	rabbit	polyclonal	SySy	anti-
syntenin-1,	1:20	 (Synaptic	Systems,	Goettingen,	Germany);	 rabbit	po-
lyclonal	anti-syntenin-1,	1:120	(C96,	Dr.	P.	Zimmermann,	Leuven,	Bel-
gium)	and	mouse	monoclonal	anti-acetylated	tubulin,	1:00	(Abcam).
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RESULTS
Identification of syntenin-1 
MPP	is	a	scaffold	protein	comprised	of	multiple	protein-protein	inter-
action	domains.	To	assess	potential	interacting	partners	for	the	HOOK	
domain	of	MPP,	 a	 yeast	 two-hybrid	 screen	with	MPPHOOK	 as	 a	bait	
was	performed	(Fig.	1A).	We	screened	a	bovine	randomly	primed	retinal	
cDNA library and identified syntenin-1 as an interactor (Fig. 1B).  
Five different syntenin-1 clones were identified. All clones contained the 
full	length	coding	sequence	of	syntenin-1	in	frame	with	the	GAL4	bin-
ding	domain	and	 some	additional	3’	untranslated	 sequence	of	variable	
length. To confirm the interaction, human syntenin-1 was subcloned and 
different	parts	as	well	as	the	full	length	construct	were	tested	for	interac-
tion	with	the	HOOK	domain	of	MPP	in	yeast	two-hybrid	assays	(Fig.	
1B).		Of	these	constructs,	full	length	syntenin-1	was	involved	in	binding	
to	the	HOOK	domain	of	MPP.	The	two	PDZ	domains	of	syntenin	have	
been described to interact with several proteins. However, the first PDZ 
domain	 nor	 the	 second	PDZ	domain	 or	 both	PDZ	domains	 together	
were	involved	in	binding	to	MPP.	Also	the	N-terminus,	for	which	no	
interacting partners have been identified so far, was not able to bind. Syn-
tenin-1	was	also	able	to	interact	with	the	complete	C-terminus	of	MPP	
that	contains	the	HOOK	domain	in	between	the	SH3	and	GUK	domain.	
However,	decreased	activation	of	the	reporter	genes	resulting	in	slower	
growth	on	the	selection	plates	and	reduced	enzymatic	activity	in	the	α-	
and	β-galactosidase assays, indicated a reduced affinity compared to a 
construct	that	contains	only	the	HOOK	domain	(Fig.	1C).
	 Syntenin-1	 is	known	 to	bind	 to	 the	C-termini	of	 transmembra-
ne	proteins	via	its	PDZ	domains.	Although	syntenin-1	has	a	preference	
for	binding	to	a	FYA	amino	acid	motif	in	the	intracellular	domains,	we	
tested	whether	it	was	able	to	directly	bind	to	CRB1,	which	has	a	C-termi-
nal	ERLI	motif.	We	tested	binding	of	the	PDZ	domains	as	well	as	full	
length	syntenin-1	to	CRB1INTRA	in	the	yeast	two-hybrid	assay.	Syntenin-1	
did	not	bind	directly	to	CRB1,	whereas	the	PDZ	domain	of	MPP	did	
(Fig.	1C).
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Fig. 1 Identification of syntenin-1 as interacting partner for MPP5 by a 
yeast two-hybrid assay.	(A).	Schematic	representation	of	domain	composition	
of	human	MPP.	MPP	consists	of	a	coiled-coiled	region	(CC),	two	L27	do-
mains	followed	by	a	PDZ,	SH3,	HOOK	and	GUK	domain.	The	HOOK	do-
main	(a.a.	408-466)	fused	to	the	DNA	binding	domain	(BD)	was	used	as	a	bait	
to	screen	a	bovine	random	primed	retinal	cDNA	library.	(B).	Bovine	syntenin-1	
was identified from the yeast two-hybrid screen. Full length human syntenin-1 
and	domains	thereof	were	expressed	in	yeast	in	cis	with	the	GAL4	transcrip-
tion	 activation	 domain	 (AD).	Only	 full	 length	 human	 syntenin-1	 interacted	
with	the	HOOK	domain	of	MPP	in	yeast,	as	observed	by	growth	on	selection	
plates	and	coloring	in	α-	and	β-galactosidase	reporter	assays.	(C).	Syntenin-1FL	
fused	to	the	GAL4	DNA	binding	(BD)	domain	interacted	with	the	C-terminus	
of	MPP	 containing	 the	 SH3-HOOK-GUK	 domain	 (MPPSH3-end)	 fused	 to	
AD.		Neither	the	PDZ	domains	nor	full	length	syntenin-1	was	able	to	interact	
directly	with	the	intracellular	domain	of	CRB1.	Interaction	between	CRB1INTRA	
and	the	PDZ	domain	of	MPP	was	used	as	a	positive	control.	
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Confirmation of syntenin-1 binding to MPP5
Direct interaction between syntenin-1 and MPP5 was confirmed using 
bacterially	expressed	proteins	in	GST	pull	down	assays	(Fig.	2A-D).	The	
HOOK and SH3+HOOK domain of MPP5 fused to GST specifically 
pulled	down	syntenin-1	fused	to	a	His-MBP	tag,	while	the	control	lanes	
(GST	only)	were	empty	(Fig.	2A).		 Also	 when	 the	 tags	 were	 swapped,	
both	MPP	 fusion	proteins	 interacted	with	 syntenin-1	 (Fig.	2B).	More	
importantly,	full	length	MPP	was	able	to	bind	to	full	length	syntenin-1	
in	both	orientations	 (Figs.	2C	and	D).	In	addition,	a	complex	of	over-
expressed	FLAG-tagged	MPP	and	endogenous	syntenin-1	was	immu-
noprecipitated	from	HEK293	cells	(Fig.	2E).	Syntenin-1	is	endogenously	
expressed	in	HEK293	cells	(right	panel),	although	the	amount	that	was	
precipitated	by	the	monoclonal	anti-syntenin-1	antibody	coupled	to	pro-
tein	A/G	beads	was	masked	by	the	presence	of	heavy	chains	(left	panel).	
Nevertheless,	FLAG-MPP	that	was	overexpressed	in	the	HEK293	cells	
(right	 panel)	 was	 detected	 in	 the	 co-immunoprecipitate	 using	 an	 anti-
FLAG	antibody	(left	panel).	In	the	control	experiment	using	only	protein	
A/G	beads,	FLAG-tagged	MPP	was	not	detected	(Fig.	2E).	
	 Endogenous	syntenin-1	protein	is	expressed	in	the	retina.	A	band	
around	30	kD	is	detected	in	the	cytosolic	as	well	as	the	membrane	frac-
tion	of	freshly	prepared	bovine	lysates	(Fig.	2F).
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Fig. 2 Confirmation of the interaction between syntenin-1 and MPP5 by 
GST pull down assays with bacterially expressed proteins.	
(A).	The	HOOK	domain	as	well	as	the	SH3+HOOK	domain	of	MPP	fused	to	
GST	strongly	bind	to	full	length	syntenin-1	fused	to	His-MBP.	GST	was	used	
as a negative control. In addition, non-specific binding of the His-MBP tag to 
the	GST-MPP	 fusion	 proteins	was	 not	 detected.	 (B). Syntenin-1	 interacted	
with	the	HOOK	and	SH3+HOOK	domain	of	MPP,	when	GST	and	His-MBP	
tags	were	swapped.	(C).		Full	length	syntenin-1	fused	to	MBP	interacts	with	full	
length	MPP	fused	to	GST.	All	control	lanes	are	empty.	(D).	Full	length	MPP	
and	syntenin-1	proteins	interacted	in	a	tag	swap	experiment.	(E). Overexpres-
sed	full	length	FLAG-tagged	MPP	in	HEK293	cells	co-immunoprecipitated	
with	endogenously	expressed	syntenin-1	using	a	mouse	monoclonal	antibody	
against	syntenin-1	coupled	to	protein	A/G	agarose	beads.	Protein	A/G	beads	
only were used as a negative control. (F). Tissue blot using 20 μg of the cyto-
solic	(cyt)	and	membrane	(mem)	fraction	of	bovine	retina.	Syntenin	is	detected	
with	the	monoclonal	4D12	antibody	as	a	doublet	around	30	kD.
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Syntenin-1 co-localizes with MPP5 to the OLM
Although	syntenin-1	is	found	to	be	important	in	cell	adhesion	and	pro-
tein trafficking in different polarized cell types, its role in the retina has 
not	 yet	 been	 described.	Using	 two	 different	 polyclonal	 antibodies,	 we	
detected	 similar	 staining	of	 syntenin-1	 in	 the	 retinal	 pigment	 epitheli-
um	 (RPE),	 the	 outer	 limiting	membrane	 (OLM),	 the	 inner	 segments,	
the	photoreceptor	synaptic	layer	(outer	plexiform	layer,	OPL),	the	inner	
nuclear	layer	(nuclei	of	horizontal,	bipolar	and	amacrine	neurons,	INL)	
and	the	neuronal	ganglion	cell	layer	(GCL)	(Figs.	3A	and	D).	No	signal	
was	detected	at	 the	outer	nuclear	 layer	 (ONL)	and	the	 inner	plexiform	
layer	 (IPL).	As	 the	rabbit	polyclonal	SySy	antibody	detected	syntenin-1	
in	the	outer	segments	(OS),	whereas	the	C96	antibody	did	not,	a	putative	
localization	in	the	OS	is	not	yet	conclusive.	Co-staining	with	adherens	
junction	marker	β-catenin	revealed	an	overlapping	domain	at	the	OLM,	
although	syntenin-1	signal	was	also	observed	apically	to	this	marker.	In	
addition,	a	small	overlap	in	signals	was	found	at	the	OPL	(Figs.	3A-C).		
MPP	signal	was	found	at	the	SAR	as	expected,	where	it	coincided	with	
syntenin-1	 (Figs.	3D-F).	Syntenin-1	was	also	 found	more	apical	 to	 the	
SAR	in	the	inner	segments	in	a	punctuate	pattern.	Co-staining	with	ci-
liary	axoneme	marker	acetylated	tubulin	was	performed	to	determine	a	
putative	connecting	cilium	staining	of	syntenin-1.	Although	the	antibo-
dies	stainings	do	not	show	a	complete	overlap,	the	yellow	signal	in	the	
overlay	clearly	indicates	a	localization	of	syntenin-1	in	the	region	of	the	
connecting	cilium	(Figs.	3G-I).
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Fig. 3 Localization of syntenin-1 in rat retina.	
(A).	Syntenin-1	(green)	staining	using	the	C96	antibody	was	found	in	the	retinal	
pigment	epithelium	(RPE),	inner	segments	(IS),	outer	plexiform	layer	(OPL),	
outer	 nuclear	 layer	 (ONL),	 inner	 nuclear	 layer	 (INL)	 and	 ganglion	 cell	 layer	
(GCL)	and	outer	limiting	membrane	(OLM).	(B	and	C).	Co-localization	with	
β-catenin	(red),	a	marker	for	adherens	junctions	was	found	at	the	OLM.	(D).
A	similar	staining	pattern	for	syntenin-1	was	observed	using	the	SySy	anti-syn-
tenin-1	antibody.	(E).	MPP	staining	was	detected	exclusively	at	the	OLM,	as	
previously	 shown	 [10].	 (F).	Co-localization	of	 syntenin-1	 (green)	with	MPP	
(red)	was	found	at	the	OLM.	(G).	In	the	inner	segments	(IS)	a	punctate	staining	
pattern	of	 syntenin-1	was	observed.	 (H).	Anti-acetylated	 tubulin	 antibody,	 a	
marker for the ciliary axoneme, stained microtubule fibers of the connecting 
cilium.	(I).	Acetylated	tubulin	and	syntenin-1	did	not	reveal	complete	overlap,	
but	co-localization	was	observed	at	the	region	of	the	connecting	cilium.
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DISCUSSION
In	this	study,	we	demonstrate	a	direct	association	between	adaptor	mole-
cule	syntenin-1	and	scaffold	protein	MPP	in	the	retina.	Binding	invol-
ves	the	HOOK	domain	of	MPP	and	full	length	syntenin-1.	Syntenin-1	
is	ubiquitously	expressed	in	several	tissues,	including	fetal	kidney,	liver,	
lung	 and	brain.	High	 levels	 of	 expression	have	been	detected	 in	 adult	
heart	and	placenta	22.	A	role	for	syntenin-1	in	the	retina	has	not	yet	been	
described,	 but	 the	 association	 with	 polarity	 determinant	MPP	 at	 the	
subapical	region	found	in	this	study,	suggests	an	important	role	in	retinal	
cell	polarity	processes.	
	 Studies	using	polarized	mammalian	epithelial	cells	have	given	im-
portant	 insights	 into	 the	putative	 function	of	 syntenin-1	 in	 the	 retina.	
In	MDCK	cells,	a	model	system	to	study	apico-basal	cell	polarity,	syn-
tenin-1 was identified as a component of apical early endocytic vesicles 
21.	In	addition,	syntenin-1	mediates	correct	targeting	of	transmembrane	
molecules	to	the	cell	surface,	such	as	proTGFα	19.	Moreover,	deletion	of	
the	cytoplasmic	tail	of	syndecan	that	prevents	interaction	with	syntenin-
1	retained	it	in	the	ER,	suggesting	a	more	general	role	of	syntenin-1	in	
correct	targeting	of	cell	surface	molecules	27.	Recently,	MPP	itself	was	
found	to	be	involved	in	correct	targeting	of	CRB1	to	the	OLM	in	Müller	
glia	cells	28,	although	the	molecular	mechanism	of	this	process	remained	
elusive.	Although	we	 excluded	 a	 direct	 interaction	between	 syntenin-1	
and CRB1, syntenin-1 could influence the availability of transmembrane 
protein	CRB1	at	the	membrane	via	the	endocytotic	pathway	and	mediate	
its	correct	targeting	via	MPP	in	the	retina.	
	 Syntenin-1	has	been	found	to	co-localize	with	E-cadherin,	β-ca-
tenin	an	α-catenin	at	cell-cell	contacts	in	epithelial	cells	and	all	molecu-
les	were	found	together	in	a	co-immunoprecipitate	22.	Interestingly,	the	
transmembrane	protein	and	structural	component	of	adherens	junctions,	
E-cadherin,	is	affected	by	MPP	depletion.	E-cadherin	is	retained	in	in-
tracellular puncta, suggesting a role for MPP5 in E-cadherin trafficking 
to	the	membrane	29.	In	epithelia,	MPP	is	 important	for	tight	 junction	
formation	9,30.	Tight	junctions	form	tight	seals	between	cells	and	are	lo-
cated	 apically	 to	 adherens	 junctions.	From	 studies	 in	Drosophila,	 it	was	
already	known	that	 the	orthologous	complex	of	Crumbs	(CRB1),	Star-
dust	(MPP),	and	DPATJ	(PATJ)	localizes	apical	to	adherens	junctions,	
but influences the formation of adherens junctions and E-cadherin by 
an	unknown	mechanism	31-33.	This	subapical	region	(also	called	the	mar-
ginal	zone)	is	a	site	that	is	positionally	analogous	to	the	tight	junction	in	
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mammalian	epithelia	33-37.	Although	in	the	retina,	no	tight	junctions	are	
formed	between	the	Müller	glia	and	photoreceptors,	the	adherens	juncti-
ons,	present	at	the	OLM,	are	their	functional	analogues.	Co-localization	
of	 syntenin-1	 and	MPP	apical	 to	 these	 junctions	provides	 clues	 for	 a	
similar role for both proteins in cadherin trafficking in the retina.
	 A	direct	 interaction	between	syntenin-1	and	the	E-cadherin/ca-
tenin complex has not been identified. However, association of syntenin-
1	with	the	cadherin	complex	could	take	place	via	the	MPP-LIN7	inter-
action.	The	putative	link	to	the	E-cadherin	adherens	junction	complex	is	
shown in figure 4. 
Fig. 4	Illustration	of	the	MPP-syntenin	interaction	and	the	putative	link	to	
the	E-cadherin/β-catenin/α-catenin	adherens	junction	complex.	The	PDZ	do-
main	of	MPP	 interacts	with	 transmembrane	protein	CRB1	at	 the	subapical	
region	(SAR),	whereas	its	C-terminal	L27	domain	binds	to	LIN-7.		The	HOOK	
domain	of	MPP	binds	to	syntenin-1	(arrows	indicate	direct	interactions).	Syn-
tenin-1	was	found	in	a	co-immunoprecipitate	with	adherens	junction	compo-
nents	E-cadherin,	β-catenin	and	α-catenin	(dotted	arrow	indicates	association	
in	 a	 complex).	 It	 is	 feasible	 that	 syntenin-1	 forms	 a	molecular	 link	 between	
adherens	junction	molecules	and	more	apically	localized	proteins	via	its	inter-
action	with	MPP,	which	in	its	turn	binds	to	LIN-7.
The	 heterotrimeric	 LIN2-LIN7-LIN10	 protein	 network	 is	 known	 to	
form	 a	 complex	with	 cadherin	 and	β-catenin	 in	 epithelia	 and	 in	 neu-
rons	 in	C. elegans.	LIN7	binds	with	 its	PDZ	domain	 to	 the	C-terminal	
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sequence	of	β-catenin	38,	while	its	L27	domain	is	known	to	directly	bind	
to	the	L27	domain	of	MPP	8.	LIN7,	or	Veli-3	as	it	is	called	in	mammals,	
exists	in	a	complex	with	MPP	at	the	OLM	region	in	the	retina,	albeit	in	
small	amounts	39.	At	the	region	of	the	OLM	in	the	retina,	partial	overlap	
of	syntenin-1	with	β-catenin	and	full	overlap	with	MPP	suggests	that	
such	a	relationship	is	feasible.
	 Besides	localization	at	the	OLM,	syntenin-1	was	detected	at	the	re-
gion	of	the	connecting	cilium	and	in	neuronal	cells	in	the	outer	plexiform	
layer	(OPL),	 inner	plexiform	layer	(IPL)	and	ganglion	cell	 layer	(GCL),	
suggesting	additional	important	functions.	In	neurons	in	the	brain,	syn-
tenin-1	is	a	binding	partner	for	numerous	membrane	proteins	at	pre-	and	
postsynaptic	sites	1-17.	It	is	known	to	associate	with	AMPA,	kainate	and	
metabotropic	glutamate	 receptors	 as	well	 as	 glycine	 transporter	 type	2	
40-42.	In	addition,	syntenin-1	was	found	to	provide	a	scaffold	for	Unc1.1	
and	the	endocytic	machinery	 involved	 in	regulating	axon	formation	 in	
granule	 cells	 43.	A	 similar	 scaffolding	 function	of	 syntenin-1	 in	 retinal	
neurons	can	be	envisioned.	
In conclusion, this study demonstrates for the first time the presence 
of	adaptor	molecule	 syntenin-1	 in	 the	 retina.	Syntenin-1	 interacts	with	
polarity	determinant	MPP,	which	is	involved	in	regulation	of	adhesion	
between	cells	at	the	region	of	the	outer	limiting	membrane.	This	interac-
tion	provides	a	molecular	link	between	E-cadherin	based	cell	adhesion	
and	regulation	of	junction	formation	in	the	retina.
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ABSTRACT
Cell	polarity	is	induced	and	maintained	by	separation	of	the	apical	and	
basolateral	domains	through	specialized	cell-cell	junctions.	The	Crumbs	
protein	and	 its	binding	partners	are	 involved	 in	 formation	and	stabili-
zation	of	adherens	junctions.	In	this	study,	we	describe	a	novel	compo-
nent	of	 the	mammalian	Crumbs	 complex,	 the	FERM	domain	protein	
EPB41L,	which	 associates	with	 the	 intracellular	domains	of	 all	 three	
Crumbs	homologues	through	its	FERM	domain.	Surprisingly,	the	same	
FERM	domain	is	involved	in	binding	to	the	HOOK	domain	of	MPP/
PALS1, a previously identified interactor of Crumbs. Co-expression and 
co-localization	studies	suggested	that	in	several	epithelial	derived	tissues	
Epb4.1l	interacts	with	at	least	one	Crumbs	homologue,	and	with	Mpp.	
Although	at	early	embryonic	stages	Epb4.1l	is	found	at	the	basolateral	
membrane	compartment,	in	adult	tissues	it	co-localizes	at	the	apical	do-
main	with	Crumbs	proteins	and	Mpp.	Overexpression	of	Epb4.1l	 in	
polarized	MDCK	cells	affects	tightness	of	cell	 junctions	and	results	 in	
disorganization	of	the	tight	 junction	markers	ZO-1	and	PATJ.	Our	re-
sults	emphasize	the	importance	of	a	conserved	Crumbs-MPP-EPB41L	
polarity	complex	in	mammals.	
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INTRODUCTION
Cell	polarity	is	a	critical	feature	of	many	animal	cells	and	is	important	for	
several	biological	events,	such	as	correct	formation	and	function	of	epi-
thelia	as	well	as	asymmetrical	localization	of	membrane	components	and	
cytoskeletal	structures.	In	epithelial	cells	and	neuronal	cells	of	epithelial	
origin	such	as	photoreceptors,	polarity	is	accomplished	by	separation	of	
the	 apical	 and	basolateral	domains	 through	 specialized	 cell-cell	 juncti-
ons.	
	 Different	protein	complexes	have	been	implicated	in	establishing	
and	maintaining	cell	polarity,	such	as	the	transmembrane	protein	Crumbs,	
and	 its	 binding	partners	MPP/PALS1	 and	PATJ.	 In	mammals,	 three	
Crumbs	 homologues	 with	 highly	 conserved	 intracellular	 domains	 are	
known.	While	mutations	in	human	Crumbs homologue 1	(CRB1)	are	impli-
cated	in	retinal	dystrophies	(Reviewed	in	1),	not	much	is	known	about	the	
function	of	CRB2.	CRB3	is	expressed	in	several	(epithelial)	tissues	and	is	
involved	in	recruiting	protein	complexes	that	form	tight	junctions	at	the	
membrane	2.
	 In	 epithelial	 tissues	 of	 Drosophila,	 the	 homologous	 complex	 of	
Crumbs-Stardust	and	DPATJ	localizes	to	the	subapical	region	(SAR),	a	
region	which	harbors	similar	protein	complexes	as	vertebrate	tight	junc-
tions	 3.	This	complex	 is	 involved	 in	 the	 formation	and	stabilization	of	
the	adherens	 junctions,	and	thereby	maintaining	polarity	 in	embryonic	
epithelia	4-8.	It	is	also	involved	in	the	morphogenesis	of	photoreceptors	
as	mutants	 that	 do	 not	 express	Crumbs	 or	 Stardust	 in	 photoreceptors	
have	shorter	stalk	membranes	9,10.		Overexpression	of	Crumbs	results	in	
an	expansion	of	 the	apical	membrane	 in	embryonic	epithelia	and	stalk	
membranes	in	photoreceptors	11,12.	
	 In	the	vertebrate	eye,	Crb1	is	required	for	maintenance	of	adhe-
rens	junctions	in	the	zonula	adherens	(ZA),	while	it	localizes	just	apical	to	
this	region,	also	known	as	the	outer	limiting	membrane.	A	discontinuous	
and	fragmented	ZA	was	observed	in	Crb1	mutant	mouse	retinas	during	
photoreceptor	morphogenesis	and	 light	dependent	retinal	degeneration	
13,14.	Defects	in	CRB1	expression	lead	to	abnormal	retinal	layering,	as	seen	
by	immature	lamination	development	in	humans	with	retinal	degenera-
tion	1. In zebrafish mutants nagie oko	(nok)	and	mosaic eyes	(moe),	mutations	
in	MPP/PALS1	and	EPB41L	respectively,	disrupt	retinal	layering	16-18.	
Mosaic eyes	mutants	also	lack	tight	junction	formation	in	the	retinal	pig-
ment	epithelium	(RPE)	19.	
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	 The	EPB41L	protein	 is	part	of	the	protein	4.1	super	family	 20.	
The	prototypical	member,	EPB41	or	protein	4.1R,	has	a	structural	func-
tion	in	red	blood	cells	by	linking	the	cytoskeleton	to	the	transmembrane	
protein	Glycophorin	C	 21,22.	EPB41L,	 like	 all	EPB41-related	proteins,	
contains	a	FERM	domain	(4.1/Ezrin/radixin/moesin).	Crumbs	proteins	
have	a	conserved	motif	(juxtamembrane	motif)	that	contains	a	FERM	
domain-binding	site	8,	besides	the	conserved	carboxy	terminal	ERLI	mo-
tif	that	binds	to	the	PDZ	domain	of	MPP/Stardust.	MAGUK	protein	
MPP	(membrane	palmitoylated	protein	)	consists	of	two	L27	domains,	
an	SH3,	a	GUK	and	a	HOOK	domain.	The	HOOK	domain	contains	
a	lysine	rich	region	(FERM	domain	binding	motif)	that	hypothetically	
could	bind	to	FERM	domain	proteins	23.	
	 In	this	study	we	determined	the	localization	of	Epb4.1l	protein	in	
embryonic	and	adult	tissues.	Co-expression	of	Crb1, Crb2, Crb3, Epb4.1l5	
and	Mpp5	in	several	tissues	as	well	as	co-localization	of	the	proteins	at	the	
apical	domain	in	kidney	epithelial	cells	and	in	the	retina	led	us	to	study	
the	involvement	of	Epb4.1l	in	the	mammalian	Crumbs/Mpp	polarity	
complex. Our studies confirmed the interaction between the FERM do-
main	of	EPB41L	to	Crumbs,	and	we	show	a	direct	interaction	between	
MPP	and	EPB41L.	Functionally,	overexpression	of	Epb4.1l	in	a	po-
larized	MDCK	cell	model	has	an	effect	on	the	formation	of	tight	juncti-
ons.	
 EPB41L5 homologues have been identified in Drosophila	and	ze-
brafish 19,24.	Very	recently,	two	reports	described	the	involvement	of	Yurt	
and	YMO1	in	 the	Crumbs	complex	 2,26.	Yurt	and	YMO1	were	sugge-
sted	to	act	as	a	negative	regulator	of	Crumbs	protein	function,	thereby	
regulating	apical	membrane	growth	in	epithelia	and	photoreceptors.	In	
addition,	 interaction	 data	 on	Yurt/YMO1	binding	 to	members	 of	 the	
Crumbs	complex	(CRB1	and	MPP)	were	presented.	Here,	we	show	that	
EPB41L	binds	to	all	Crumbs	homologues	and	to	MPP,	thereby	con-
firming previous findings. In addition, we provide a detailed analysis of 
the	co-expression	and	co-localisation	analysis	of	Crumbs,	MPP	and	EP-
B41L5 in different mouse tissues. Our findings confirm the evolutionary 
conserved	importance	of	EPB41L	in	the	mammalian	Crumbs	protein	
complex	in	different	cell	types	and	point	towards	a	regulating	function	in	
apico-basal	cell	polarity.
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MATERIALS AND METHODS
DNA constructs
Human	retinal	cDNA	was	used	to	clone	the	intracellular	domain	of	CRB1	
and	full	length	MPP5 27.	Full	length	EPB41L5	and	EPB41	were	cloned	
from	IMAGEclones	#02663	and	#167140	respectively.	Human	reti-
nal	cDNA	(marathon	cDNA,	Clontech)	and	GATEWAY	cloning	tech-
nology	(Invitrogen)	were	used	to	clone	different	expression	constructs	of	
CRB2,	CRB3,	EPB41L5,	MPP5,	EPB41L4B,	MOESIN and	EPB41.	The	
GATEWAY adapted primers with gene-specific sequences and amino 
acid	positions	 that	 are	 included	 in	 the	constructs	 are	 listed	 in	 table	S1	
(supplementary	data).	The	attB1	and	attB2	linkers	were	attached	to	the	
’-end	of	respectively	sense	and	antisense	primers	according	to	manufac-
turer’s	procedures.	The	start	and	stop	codon	are	underlined.
PCR	products	were	cloned	into	pDONR	vectors	by	homologous	recombi-
nation and verified by nucleotide sequencing 27.	The	subsequent	ENTRY	
clones	were	transferred	into	several	GATEWAY-adapted	destination	vec-
tors,	 pBD-GAL4/DEST,	 pAD-GAL4/DEST,	 pDest66	 27,	 pSOS	 and	
pMyr. Destination vectors pDest-15 (N-GST fusion tag), p3xflag-CMV/
Dest	and	pcDNA3-HA/Dest	were	purchased	from	Invitrogen.	
Yeast two-hybrid
A	GAL4-based	yeast	two-hybrid	system	(Hybrizap,	Stratagene)	was	used.	
Constructs	of	the	intracellular	domain	of	CRB1,	CRB2	or	CRB3	fused	
to	 the	DNA	binding	domain	(pBD)	or	activation	domain	(pAD)	were	
co-transformed	in	PJ694α	yeast	cells	together	with	different	constructs	
of	EPB41L5,	EPB41,	EPB41L4B	and	MOESIN.	Clones	positive	for	inter-
action	were	selected	based	on	growth	on	selection	plates	lacking	tryptop-
han,	leucine	and	histidine,	and	on	activation	of	the	MEL-1	reporter	gene,	
as	seen	by	blue	coloring	in	an	α-galactosidase	plate	assay.	
The	 SOS	 recruitment	 (Cytotrap)	 system	 was	 purchased	 from	 Strata-
gene.	 Yeast	 strain	 cdc2H	was	 co-transformed	with	 constructs	 pMyr-
EPB41LFL,	 pMyr-EPB41LFERM_ABC,	 pMyr-EPB41LFERM_BC	 or	 pMyr-
MPPPDZ	separately,	together	with	pSOS-CRB1INTRA.	The	FERM	domain	
and	full	length	construct	of	EPB41L	fused	to	pSOS	were	excluded	from	
the	assay,	since	activation	of	the	Ras	signal	transduction	was	seen	without	
recruitment	to	the	plasma	membrane	by	interaction	with	proteins	fused	
to pMyr. This was verified by determining growth of yeast on glucose 
plates	(no	pMyr	expression	by	repression	of	galactose	driven	promotor).	
Protein-protein	 interactions	 were	 determined	 by	 growth	 on	 galactose	
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plates	at	37°C.
GST-pull down and immunoprecipitation
IPTG	 inducible	 BL21-DE3	 cells	 were	 transformed	 with	 GST-CR-
B1INTRA/pDest1,	 GST-CRB1INTRA∆GTY/pDest1,	 GST-CRB1INTRA∆ERLI/
pDest1,	 GST-EPB41LFL/pDest1,	 GST-EPB41LFERM_ABC/pDest1,	
GST-EPB41LFERM_BC/pDest1,	 His-MBP-CRB1INTRA/pDest66,	 His-
MBP-EPB41LFL/pDest66,	 His-MBP-EPB41LFERM_ABC/pDest66	 or	
His-MBP-EPB41LFERM_BC/pDest66.	Cell	lysates	were	prepared	accor-
ding	to	a	0.%	sarkosyl	protocol	28,29.	GST-pull	down	was	performed	as	
described	previously	30.	Alternatively,	GST	fusion	proteins	were	incuba-
ted	with	radioactive	labeled	in	vitro	translated	Epb4.1l.
Bovine	 retinas	 obtained	 from	 the	 slaughterhouse	 were	 used	 for	 GST	
pull	 down	 assays.	Cytosolic	 and	membrane	 fractions	were	prepared	 as	
described	 previously	 14.	 The	membrane	 fraction	 of	 one	 retina	 was	 in-
cubated	for	 three	hours	with	GST,	GST-CRB1INTRA,	CRB1INTRA∆GTY	or	
CRB1INTRA∆ERLI.	 After	 several	 washes,	 beads	 were	 boiled	 and	 proteins	
were	resolved	on	SDS-PAGE.		For	Western	blotting,	chicken	anti-MPP	
(1:00,	Dr.	J.	Wijnholds),	guinea	pig	anti-EPB41L	(1:10.000),	secondary	
antibodies	coupled	to	HRP	and	the	Supersignal	West	Pico	Chemilumi-
nescent	substrate	from	Pierce	were	used.
	 For	 immunoprecipitation	of	Crb3	and	Epb4.1l,	stably	transfec-
ted	MDCK	cells	expressing	p7-Crb3	and	p7-Crb3∆ERLI,	generated	as	
described	previously,	were	 transfected	with	myc-Epb4.1l	 31.	P7-Crb3	
and	p7-Crb3∆ERLI	chimeras	were	used	to	circumvent	the	absence	of	
recognition	by	the	anti-Crb3	antibody	that	was	raised	against	the	C-ter-
minus.	MDCK	cells	expressing	hCRB3	and	p7-Crb3	show	identical	api-
cal	localization	31.	Mouse	monoclonal	antibodies	against	human	p7NTR	
(ME	20-4)	32,	or	myc	(BD	Bioscience)	were	used	for	immunoprecipitation	
coupled	to	protein	A/G	Plus	agarose	beads	(Santa	Cruz	Biotechnology).
For	 immunoprecipitation	of	MPP	and	EPB41L,	HEK293	cells	were	
co-transfected with full length 3xflag-EPB41L5 and HA-MPP5. Anti-
EPB41L	was	coupled	to	beads	for	2	hours	at	4°C	and	washed	4	times	
with	 lysisbuffer	 (0	mM	Tris	pH	7.,	10	mM	NaCl	and	0.%	Triton-
X-100).	Cells	were	 lysed	and	added	to	pre-coupled	beads.	Immunopre-
cipitation	was	performed	 for	 2	hours	 at	 4°C.	As	 a	 control,	 guinea	pig	
IgGs	(Rockland)	coupled	to	agarose	A/G	beads	were	used.	Precipitated	
proteins	were	washed	4	times	with	lysis	buffer	and	analyzed	by	Western	
blotting. A polyclonal anti-flag antibody (Sigma-Aldrich) or monoclonal 
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anti-HA	antibody	(Sigma-Aldrich)	and	secondary	antibodies,	goat	anti-
rabbit	680	Alexa	or	goat	anti-mouse	680	(Molecular	Probes)	were	used.
Animals
Wistar	rats	and	guinea	pigs	(Harlan,	The	Netherlands)	used	for	this	study	
were	housed	under	normal	conditions	with	access	to	food	and	water	ad 
libitum.	CD1	outbred	mice	were	used	to	obtain	staged	embryos	and	adult	
organ	tissues	for	whole	mount	 in	situ	hybridization	and	 immunohisto-
chemistry,	respectively.	All	animals	were	treated	in	accordance	with	in-
ternational	and	institutional	guidelines.
Immunohistochemistry on tissue
E15.5 mouse embryos were isolated and fixed in 4% paraformaldeyde in 
PBS	overnight.	Embryos	were	subsequently	frozen	in	OCT	embedding	
medium	and	cut	to	10	µm	cryosections.	Adult	kidneys	were	isolated	from	
previously	perfused	adult	animals	(8	weeks	old)	and	frozen	in	OCT	be-
fore	slicing.	Sections	were	treated	with	blocking	solution	(0.1%	Triton,	
10%	Donkey	Serum	in	PBS)	for	2	hours	at	room	temperature	and	incu-
bated	with	primary	and	secondary	antibodies	diluted	 in	blocking	solu-
tion.	Slides	were	mounted	with	Fluorescent	mounting	medium	(DAKO)	
and	processed	for	imaging	with	an	Eclypse	E600	microscope	equipped	
with fluorescent light source (Nikon). Unfixed eyes of Wistar rats (P20) 
were	isolated	and	frozen	in	melting	isopentane.	Immunohistochemistry	
was	performed	as	described	previously	33.	
MCDK cell culture and clonal selection
MDCK	cells	were	transfected	with	a	CMV-Epb4.1l-ires-Neomycin	con-
struct	using	Lipofectamin	2000	reagent	according	to	the	manufacturer’s	
instructions	 (Invitrogen).	MDCK	 cells	 were	 selected	 for	 resistance	 to	
G418	(30	µg/ml).	Single	clones	were	picked	after	3	weeks	and	expanded	
before	testing	transgene	expression	by	Western	blotting.
Calcium switch and immunohistochemistry
Approximately	 x10	MDCK	 cells	 were	 seeded	 into	 10	 mm	 diameter	
Transwell membrane filters (0.4 µm pore size; Corning	Costar)	and	grown	
to confluence in normal calcium medium. Filters were washed three times 
with	PBS	and	grown	in	low	calcium	media	containing	%	dialyzed	FBS	
and		µM	Ca2+	overnight	to	dissociate	cell-cell	contacts.	The	next	day,	the	
low	calcium	media	was	replaced	with	pre-warmed	normal	calcium	media	
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and this was designated as the t=0 time point.
	 Immunohistochemistry	 was	 performed	 as	 described	 previously	
with some modifications 34. Briefly, MDCK cells grown on filters were 
fixed in 4% formaldehyde/PBS	for	20	minutes	and	permeabilized	with	a	
solution	of	gelatin	(0.7%)/saponin	(0.016%)	for	1	minutes	at	37°C.	Af-
ter blocking the filters with 2% donkey serum/PBS for 1 hour at room 
temperature, filters were excised and incubated with primary antibodies 
in	 2%	donkey	 serum	(rabbit	 anti-PATJ,	mouse	 anti-ZO-1,	mouse	 anti-
β-catenin) for 3 hours at 37°C in a humidified chamber.	After	extensive	
washes with 2% donkey serum/PBS, filters were incubated	with fluoro-
chrome-conjugated	secondary	antibody	(1:1,000)	for	1-2	hours	at	37°C.	
Subsequently, filters	were	washed	several	 times	with	PBS	and	mounted	
on	glass	 slides	with	 the	Fluorescent	mounting	medium	(Dako).	 Immu-
nofluorescence was analyzed using an Eclipse E600 (Nikon) and a TCS 
SP2	Laser	Scanning	Confocal	(Leica)	microscopes.	
Whole Mount embryos in situ hybridization (WISH)
RNA	probes	 labeled	with	Digoxigenin-rUTP	 (Boehringer	Mannheim)	
were	synthesized	from	linearized	cDNA	templates	according	to	manu-
facturer’s	instructions.	The	following	templates	were	used:	a	0	bp	Crb1	
3’	coding	region,	an	822	bp	Crb2	coding	region,	and	full-length	coding	
regions	of	Epb4.1l5,	Mpp5	and	Crb3.	
 WISH was performed as described previously with modifications 
3. Embryos were fixed for 30 minutes at room temperature in 4% pa-
raformaldehyde	in	PBS	and	treated	for	8-1	minutes	with	1	µg/ml	pro-
teinase	K	in	1	mM	EDTA,	20	mM	Tris-HCl	(pH	7.0).	Hybridization	and	
subsequent	washes	were	performed	at	8°C.	A	1:2000	dilution	of	anti-
digoxigenin-AP	conjugated	antibody	 (Roche)	was	used.	Embryos	were	
incubated	with	 the	antibody	overnight	at	4°C,	washed	 for	24	hours	 in	
TBST,	for	30	minutes	in	NTM-T	(0.1	M	NaCl,	0	mM	MgCl2,	0.1	M	Tris-
HCl,	pH	9.,	0.1%	Tween-20),	and	stained	using	centrifuged	BM	purple	
AP	substrate	(Roche)	in	0.3%	Tween-20	for	12-36	hour	at	4°C	or	room	
temperature.	They	were	washed	in	NTMT,	then	in	distilled	water,	and	
stored	in	4%	paraformaldeyde	at	4°C	for	following	analysis.
Antibodies
Antibodies against purified recombinant GST-hEPB41L5 (acc no: NP_
065960, a.a. 476-733) were raised in guinea pigs. Serum was affinity pu-
rified using HiTrap columns according to manufacturer’s procedures 
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(Amersham	Biosciences).
For	 immunostaining	 the	 following	antibodies	were	used:	 anti-β-caten-
in	 (Transduction	 laboratories),	 anti-MPP	 (Dr.	 J.	Wijnholds),	 anti-ZO1	
(Zymed),	 anti-Crb1	 (AK2,	Dr.	 J.	Wijnholds),	 anti-Crb2	 (Dr.	A.	Le	Bi-
vic),	anti-Crb3	(Dr.	A.	Le	Bivic),	anti-PATJ	(Dr.	A.	Le	Bivic),	E-cadherin	
(BD,	Bioscience).	Secondary	antibodies	were	conjugated	with	Alexa	488	
or	Alexa	68	(Molecular	probes,	Leiden,	the	Netherlands).
RESULTS
Overlap of Epb4.1l5 expression with CRBs and Mpp5 in mouse em-
bryonic tissue
We	determined	the	expression	of	Epb4.1l5	in	comparison	to	Crumbs	ge-
nes	 and	Mpp5	 on	mouse	whole	mount	 embryos	 as	well	 as	 on	 isolated	
organs	in	different	developmental	stages	by	in	situ	hybridization	(Fig.	1).	
A	previous	report	showed	Crb1	expression	in	mouse	embryos	as	early	as	
E9.	in	the	neural	tube	and	retina	36.	In	E10.	embryos,	strong	Epb4.1l5	
expression	is	also	detected	in	the	developing	neural	tube	and	optic	vesi-
cle,	as	well	as	in	the	branchial	arches	and	kidney	(Fig.	1A).	Interestingly,	
all	these	tissues	also	express	Mpp5	and	at	least	one	of	the	other	Crumbs	
genes,	Crb2	or	Crb3	(Fig.	1B-D).	Two	days	later,	at	E12.,	Epb4.1l	trans-
cripts	were	detected	in	the	optic	vesicle	mainly	in	the	retinal	layer,	while	
only	a	weak	signal	comparable	to	the	background	level	was	noted	in	the	
RPE.		This	transcript	distribution	corresponds	to	the	ocular	expression	
pattern	of	both	Mpp	and	Crb1	(Fig.	1E-H).	Others	have	shown	expres-
sion	of	Crb2	 in	 the	adult	mouse	 retina	 in	all	 cell	 layers	 (van	den	Hurk	
et	al.,	200).	Largely	overlapping	expression	patterns	for	Epb4.1l5,	Mpp5	
and	Crb2	were	found	in	the	developing	neural	tube.	At	E11.,	all	three	
genes	were	expressed	along	the	entire	cranial-caudal	length	of	the	develo-
ping	neural	tube	including	the	anterior	forebrain	and	the	posterior	spinal	
cord	(Fig.	1I-N).	It	is	of	note	that	their	expression	domains	were	always	
restricted to the ventricular layer, where proliferative cells are confined. 
Conversely,	Epb4.1l5,	Mpp5	 and	Crb2	 expression	was	never	 detected	 in	
postmitotic	neural	compartments	at	all	the	stages	analyzed.	Other	organs	
showed	expression	of	these	genes,	including	the	lung	and	kidney.	In	the	
developing	lung,	Epb4.1l5,	Crb3	and	Mpp5,	but	not	Crb2	expression	is	found	
in	the	internal	endodermal	layer	and,	in	particular,	Epb4.1l5	and	Crb3	in	
the	nascent	bronchial	tips	and	Mpp5	in	the	forming	saccules	(Fig.	1O-R).	
Epb4.1l5	and	Crb3	were	found	activated	in	the	mesonephric	tubules	in	the	
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developing	kidney	(Fig.	1S-U).	Tissue	expression	of	Epb4.1l5,	Mpp5,	Crb1,	
Crb2	and	Crb3	 is	summarized	in	table	S2	(supplementary	data).	The	ex-
pression	data	indicate	that	Epb4.1l5,	Mpp5	and	Crb genes show	a	close	and	
overlapping	 expression	 domain	 in	 several	 tissues	 containing	 polarized	
cells	at	different	time	points	during	embryonic	development.	
Fig. 1	Crb1,	Crb2,	Crb3,	Mpp5	and	Epb4.1l5	(L5)	RNA	localization	in	mouse	em-
bryos	at	different	developmental	stages.	(A-D).	Expression	pattern	of	Epb4.1l5	
(A),	Crb2	(B),	Crb3	(C)	and	Mpp5	(D)	in	E9.-E10.	whole	embryos.	Epb41L5	
and	Mpp5	are	co-expressed	in	different	tissues	like	the	forebrain	(fb),	mesen-
cephalon	(mes),	spinal	cord	(sc),	eye	(e),	branchial	arches	(ba),	otic	vesicle	(o)	and	
kidney	(k).	In	all	these	tissues,	either	Crb2	(B)	or	Crb3	(C)	or	both	are	expressed.	
(E-H).	Expression	in	the	developing	eye	of	Epb4.1l5	(E-F),	Crb1	(G),	Mpp5	(H)	
is	co-localizing	in	the	retina.	Epb4.1l5	transcripts	are	not	detected	in	the	retinal	
pigmented	epithelium	(rpe)	(arrowheads	in	F).	Expression	of	Epb4.1l5,	Crb2	and	
Mpp5	in	the	developing	forebrain	(I-K)	and	spinal	cord	(L-N)	in	E11.	dissec-
ted	mouse	neural	tube.	(O-R)	Note	Epb4.1l5	(O),	Crb3	(P),	Crb2	(Q),	Mpp5		(R)	
expression	in	developing	lungs	(lu)	isolated	from	E10.	and	E11.	mouse	em-
bryos.	All	genes,	except	Crb2,	are	expressed	in	the	endodermal	layer	(en)	of	the	
forming	bronchioles	(Epb4.1l5,	Crb3)	or	saccules	(Mpp5). Both	Epb4.1l5	(S-T),	
and	Crb3	(U)	expression	is	detected	in	the	mesonephric	tubules	of	the	develo-
ping	kidney	(k)	in	E10.-E11.	mouse	embryos.	Dashed	lines	in	T	delineate	the	
mesonephric tissue. (T’) High magnification of the boxed-area in (T) showing 
Epb4.1l5	expression	in	the	endothelial	cells	of	the	mesonepric	tubules.	Cx,	cere-
bral	cortex;	lge,	lateral	ganglionic	eminence;	mge,	medial	ganglionic	eminence;	
vz,	ventricular	zone.
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Epb4.1l5 localizes basolaterally during early development
To	address	how	Epb4.1l	is	functionally	related	to	the	Crumbs	complex,	
we	raised	an	antibody	against	the	C-terminal	part	of	human	EPB41L	
and	analyzed	the	subcellular	distribution	of	these	proteins	in	embryonic	
tissues.	The	antibody	was	found	to	cross-react	with	bovine,	mouse	and	
rat, and was specific for Epb4.1l5 on Western blot and immunohistoche-
mistry (supplementary fig. 1). At embryonic stage E15.5, Epb4.1l5 was 
associated	with	the	plasma	membrane	and	localized	basolaterally	in	the	
brain	(Fig.	2A),	spinal	cord	(Fig.	2B),	kidney	and	testis	(Fig.	2C),	intestine	
(Fig.	2D),	all	muscles	(Fig.	2E)	and	skin	(Fig.	2F).	Co-localization	studies	
with	Epb4.1l	showed	overlapping	basolateral	staining	with	β-catenin	in	
epithelial	kidney	cells	(Fig.	2G-I),	but	not	with	Crb2,	which	localized	to	
the	apical	side	(Fig.	2J),	and	ZO-1,	a	marker	for	tight	junctions	in	epithe-
lial	cells	(Fig.	2K).	Likewise,	in	developing	cerebral	cortex,	Epb4.1l	was	
detected	 in	 the	basolateral	membranes	of	 the	proliferating	neuroblasts	
(radial	glia	cells)	as	shown	by	co-localization	with	the	basolateral	protein	
E-cadherin,	 and	 the	 absence	 of	Crb2	 staining	 (a	marker	 of	 apical	 cell	
membranes)	(Fig.	2L,	M).	Thus,	in	different	embryonic	epithelial	tissues	
Epb4.1l	was	present	 in	basolateral	 positions,	 adjacent	 to	Crb	positive	
apical	domains.
Fig. 2 Epb4.1l5 protein distribution in embryonic tissues and cellular lo-
calization. Cross	 sections	 of	E1.	 cerebral	 cortex	 (A)	 and	 spinal	 cord	 (B)	
where Epb4.1l	was	found	to	be	highly	expressed.	Strong	staining	is	detected	
in	the	luminal	side	of	the	entire	neural	tube	fading	moving	from	the	ventricle	
to	the	peripheral	parenchyma	(arrows	in	A,	B).	Epb4.1l	was	found	to	localize	
in	E1.	embryonic	kidney	(C),	intestinal	guts	(D),	majority	of	the	developing	
muscles	(E)	and	deep	layers	of	the	overlaying	immature	skin	(F).	(G-K)	Close	
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Epb4.1l5 co-localizes apically with CRB proteins and MPP5 in 
adult retina and kidney
In	the	adult	mouse	kidney,	anti-Epb4.1l	stained	the	basolateral	and	api-
cal side of the tubule (Fig. 3B). Crb3 staining was confined to the apical 
domain	where	it	co-localizes	with	Epb4.1l	(Fig.	3A,	C).
	 In	adult	rat	retina,	Epb4.1l	was	found	to	colocalize	with	ZA	mar-
ker	β-catenin	(Fig.	3D-F),	and	also	showed	substantial	overlap	with	Crb1	
(Fig.	3G-I)	and	Mpp	stainings	(Fig.	3J-L).	Besides	expression	at	the	re-
gion	of	the	OLM,	Epb4.1l	was	found	in	the	RPE,	outer	nuclear	 layer	
(ONL)	and	outer	plexiform	layer	(OPL).	A	dotted	staining	in	the	inner	
segments	was	also	observed.	On	Western	blot,	the	Epb4.1l	antibody	re-
cognized	three	different	bands	at	approximately	100,	72	and	4	kD	in	rat,	
mouse and bovine retinas (supplementary fig. 1). The 100 kD Epb4.1l5 
protein	most	 likely	 corresponds	 to	 the	 (mouse)	 isoform	 of	 731	 amino	
acids	(Acc	number:	AK04499,	predicted	molecular	weight	83	kD).	We	
speculate that posttranslational modifications such as phosphorylation, 
as	described	for	the	Drosophila	Yurt	protein,	could	explain	the	observed	
difference	in	migration	characteristics	2.	The	72	kD	form	is	not	descri-
bed	in	the	databases,	but	could	represent	an	unknown	alternative	isoform	
due to e.g. splicing variation or posttranslational modification. This form 
should	contain	the	C-terminal	domain	of	the	protein	against	which	our	
polyclonal	antibody	was	raised.	Alternatively	but	 less	 likely,	 it	may	also	
represent	a	partially	stable	degradation	product.	The	smaller	band	of	4	
kD	was	 found	 to	cross-react	with	some	polyclonal	antibodies	 to	GST,	
since	 this	 signal	 could	 be	 completely	 blocked	 by	 adding	 recombinant	
GST (supplementary fig. 1D-E).
view	of	Epb4.1l	localization	in	kidney	epithelial	tubules.	(G-I)	Epb4.1l	and	
β-catenin	double	staining	on	a	renal	tubule	cross-section.	Both	stainings	ap-
peared	 largely	overlapping	on	the	basolateral	cell	membrane	domains	 (I).	 ( J,	
K)	Double	staining	of	Epb4.1l	with	proteins	of	the	cell	membrane	apical	do-
main	such	as	Crb2	on	sections	of	renal	tubules	( J)	and	ZO-1	(K)	revealed	a	
close	association	of	both	membrane	domains	without	any	notable	overlap.	(L,	
M)	Close	view	of	the	cerebral	cortex	proliferative	layer	overlying	the	ventricle.	
Cortical	proliferative	cells	are	forming	a	pseudo-epithelial	structure	tightened	
by	intercellular	junctions.	Epb4.1l	staining	is	strongly	detected	in	a	basolateral	
cellular	domain	overlapping	with	E-cadherin	(M),	but	excluded	from	the	most	
cortical	apical	side	lining	the	ventricle	and	stained	positive	for	Crb2	(L).
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Comparison of FERM domain containing proteins
An	alignment	of	 the	 intracellular	domains	of	CRB1,	CRB2	and	CRB3	
shows	that	they	all	contain	a	conserved	FERM	binding	motif	(GTY)	and	
the	well	characterized	PDZ	binding	domain	(ERLI)	that	interacts	with	
MPP	(Fig.	4A).	There	are	several	FERM	domain	containing	proteins	
that	hypothetically	could	bind	to	the	FERM-binding	motif.	
An	 alignment	 of	 EPB41L	 and	 its	 closest	 homologue	 EPB41L4B	
(EHM2),	as	well	as	the	prototype	of	the	4.1	protein	family	(EPB41)	and	
MOESIN	shows	the	similarity	of	the	conserved	FERM	domain	(Fig.	4B).	
The	FERM	domain	of	EPB41L	is	most	similar	to	that	of	EPB41L4B,	
while	it	is	less	conserved	in	EPB41	and	MOESIN.	The	FERM	domain	
is	composed	of	three	structural	modules	(A,	B	and	C)	based	on	the	cry-
stal	structure	of	MOESIN	37.	A	potential	(spectrin)	actin-binding	domain	
(SAB	or	AB)	that	is	found	in	some	FERM	domain	proteins	was	not	iden-
tified in EPB41L5 and EPB41L4B (Fig. 4B) 38,39.	
Fig. 3 Co-localization of Epb4.1L5 with CRBs and Mpp5 in adult tissues.	
(A).	Crb3	(green)	is	found	only	at	the	apical	side	of	the	kidney	tubule,	while	(B)	
Epb4.1l	(L,	red)	is	found	at	the	basal	and	the	apical	side	in	adult	kidney.	(C).	
Overlap	in	staining	is	found	at	the	apical	side.	(D,	G,	J)	In	the	retina,	Epb4.1l	
(L,	green)	is	found	in	the	retinal	pigment	epithelium	(RPE),	outer	plexiform	
layer	(OPL),	outer	nuclear	layer	(ONL),	inner	segments	(IS)	and	outer	limiting	
membrane	(OLM).	(D-F)	Co-localization	with	β-catenin	(red),	a	marker	for	ad-
herens	junctions	is	found	at	the	OLM.	(G-I)	Also	co-localization	of	Epb4.1L	
(green)	with	CRB1	(red)	and	(J-L)	with	MPP	(red)	is	found	at	the	OLM.
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Interaction studies using yeast two-hybrid systems
We	analyzed	EPB41L,	EPB41L4B,	EPB41	and	MOESIN	for	protein-
protein	interaction	with	CRBs	using	two	different	yeast	two-hybrid	sy-
stems.	In	the	GAL4	based	system,	the	FERM	domain	of	EPB41L,	EP-
B41L4B	and	MOESIN,	as	well	as	full	 length	EPB41L	were	found	to	
interact	with	the	intracellular	domain	of	CRB1,	CRB2	and	CRB3	(Fig.	
A),	whereas	full	length	EPB41	did	not.	The	yeast	reporter	assays	indi-
cate that EPB41L5 has the highest binding affinity for the intracellular 
domain	of	CRB	proteins.	The	same	results	were	observed	when	pBD	and	
pAD	tags	were	swapped	(data	not	shown).	An	EPB41L	construct	with	
Fig. 4 Sequence conservation in CRB1, CRB2 and CRB3 and alignment 
of FERM domain proteins.	(A).	The	37-amino	acid	intracellular	domains	of	
CRB1,	CRB2	and	CRB3	are	aligned.	The	conserved	FERM	domain	binding	site	
(GTY_E)	and	an	ERLI	motif	are	underlined.	Constructs	with	deletion	of	part	
of	the	FERM	domain	binding	site	(∆GTY)	or	the	terminal	four	amino	acids	
(∆ERLI)	were	made.	 (B).	Human	 (H.s.)	EPB41L4B,	 human	EPB41,	mouse	
(M.m.)	Epb4.1l	and	human	MOESIN	were	individually	aligned	with	human	
EPB41L.	The	 percentages	 of	 similar	 and	 identical	 amino	 acid	 sequence	 of	
the	conserved	FERM	domain	are	shown.	A	FERM	domain	consists	of	three	
structural	modules	(A,	B	and	C).	EPB41	contains	a	conserved	spectrin-actin	
binding	domain	(SAB)	that	is	not	found	in	EPB41L.	The	terminal	140	amino	
acids	of	MOESIN	contain	an	actin-binding	(AB)	domain.
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an	intact	FERM	domain	bound	strongly	to	CRB1INTRA.	Removal	of	the	
first structural module of the FERM domain (EPB41L5FERM_BC)	abroga-
ted	binding	to	CRB1	(Fig.	A).
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Fig. 5 Identification of interaction between CRB1 and FERM domain 
protein EPB41L5.	 (A)	CRB1INTRA	fused	to	pBD	interacted	with	the	FERM	
domain	of	EPB41L,	EPB41L4B	and	MOESIN,	but	not	with	EPB41	fused	to	
pAD.	These	 interactions	were	determined	by	growth	on	selection	plates	and	
coloring	in	an	α-galactosidase	plate-assay.	The	strongest	interaction	was	found	
between	EPB41L	and	CRB1.	The	known	interaction	between	the	intracellular	
domain	of	CRB1	and	the	PDZ	domain	of	MPP	is	used	as	a	positive	control.	
The	FERM	domain	of	EPB41L	(EPB41LFERM_ABC)	binds	as	strong	as	the	full	
length	construct	(EPB41LFL)	to	the	intracellular	domain	of	CRB1.	No	interac-
tion	was	found	between	CRB1	and	EPB41L	with	a	truncated	FERM	domain	
(EPB41LFERM_BC).	(B)	In	the	Cytotrap	system,	no	growth	of	yeast	is	seen	on	
control	glucose	plates	at	37°C,	as	expected.	On	galactose	plates	at	37°C	(galac	
37),	pMyr-EPB41L	and	pMyr-MPP	proteins	are	expressed	and	targeted	 to	
the	 cell	 membrane.	 pSos-CRB1INTRA	 interacts	 with	 pMyr-EPB41LFERM_ABC	
and	pMyr-MPPPDZ,	resulting	in	yeast	growth.	CRB1	does	not	interact	with	the	
full	length	EPB41L,	nor	with	EPB41L	having	a	truncated	FERM	domain.	
(C)	In	a	GST-pull	down	assay,	CRB1INTRA	interacted	with	the	FERM	domain	of	
EPB41L.	GST	protein	alone	and	only	beads	were	used	as	a	negative	control.	
In addition, non-specific binding of the his-MBP tag to the GST-CRB1 fusion 
protein	 is	not	 found	 in	 the	control.	 (D)	Full	 length	EPB41L	 interacts	with	
CRB2INTRA	as	well	as	CRB3INTRA.	(E)	GST-pull	down	from	retinal	lysates	using	
the	intracellular	domain	of	CRB1,	either	without	the	C-terminal	PDZ	domain	
binding	 motif	 (GST-CRB1INTRA∆ERLI)	 or	 without	 the	 FERM	 binding	 motif	
(GST-CRB1INTRA∆GTY). EPB41L5 binds specifically to GST-CRB1INTRA	and	not	
to	GST.	When	the	GTY	motif	is	deleted,	binding	is	lost.	MPP	in	bovine	retina	
is	detected	as	a	doublet	with	bands	at	78	and	80	kD.	At	7	kD,	a	background	
band is detected. MPP5 binds specifically to CRB1INTRA	and	CRB1INTRA∆GTY,	
but	neither	to	GST	or	to	CRB1INTRA∆ERLI.	
The binding of EPB41L5 to CRB1 was confirmed in the SOS recruitment 
system.	This	system	is	based	on	the	activation	of	the	Ras	signal	transduc-
tion	cascade	upon	membrane	targeting	of	SOS	(fused	to	CRB1INTRA)	due	
to	interaction	with	EPB41L.	Although	in	this	system	we	failed	to	detect	
association of the full length EPB41L5 protein to CRB1, we confirmed 
interaction	with	 its	FERM	domain,	 and	not	with	 its	 truncated	FERM	
domain	as	expected	(Fig.	B).	
The FERM domain of EPB41L5 binds to CRB proteins 
The	 intracellular	domain	of	CRB1	 fused	 to	GST	 (GST-CRB1intra) effi-
ciently	 pulled	 down	 the	his-MBP	 tagged	FERM	domain	of	EPB41L	
(Fig. 5C). This binding is specific, since neither GST nor unloaded beads 
could	pull	down	EPB41L	protein.	 In	accordance	with	 the	yeast	data,	
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binding	was	abrogated	when	using	 the	 truncated	FERM	domain	 (Fig.	
S2A).	As	 the	 juxtamembrane	FERM	binding	motif	 is	 conserved	 in	all	
CRB	proteins,	it	was	not	surprising	that	EPB41L	interacts	with	the	in-
tracellular	domain	of	CRB2	and	CRB3	(Fig.	D).	
	 Binding	of	EPB41L	to	CRB	proteins	depends	on	the	GTY	amino	
acid	sequence,	since	removal	of	this	motif	in	a	GST-fusion	construct	of	
the	intracellular	domain	of	CRB1	resulted	in	loss	of	binding.	The	ERLI	
motif	was	not	required	for	interaction	between	EPB41L	and	CRB	pro-
teins	(Fig.	S2B).
	 In	 addition,	 full	 length	 Crb3	 and	Epb4.1l	 form	 a	 complex	 in	
MDCK	cells.	Immunoprecipitation	of	stably	transfected	p7-Crb3	from	
these cells efficiently co-precipitated Myc-Epb4.1l5 from MDCK cells as 
determined	with	a	myc-antibody	on	Western	blot.	When	myc-Epb4.1l	
was	immunoprecipitated	with	a	myc	antibody,	p7-Crb3	co-precipitated	
(Fig.	S2C).	
	 In	the	retina,	both	EPB41L	and	MPP	bind	to	the	intracellular	
domain	of	CRB1	(Fig.	E).	A	GST	fusion	protein	containing	the	intra-
cellular	part	of	CRB1	pulled	down	MPP	as	well	as	EPB41L.	When	the	
GTY	motif	was	removed,	EPB41L	was	no	longer	able	to	bind	to	CRB1,	
while	binding	of	MPP	 to	CRB1	was	not	affected.	Only	when	 the	C-
terminal	ERLI	motif	was	removed,	binding	of	MPP	was	lost,	whereas	
binding of EPB41L5 was not. This experiment confirmed the binding of 
EPB41L	and	MPP	to	the	two	conserved	binding	motifs	in	the	intracel-
lular	domain	of	CRB1.
EPB41L5 interacts directly with CRB binding partner MPP5 
MPP	 contains	 a	HOOK	domain	with	 a	 potential	 interaction	 site	 for	
FERM	domain	proteins.	Interaction	was	found	between	the	FERM	do-
main	of	EPB41L	and	the	HOOK	domain	of	MPP	or	full	length	MPP	
in the yeast two-hybrid system (Fig. 6A). The affinity of the HOOK do-
main for the FERM domain of EPB41L5 was confirmed in a GST pull 
down	assay	(Fig.	6B).	In	HEK293	cells,	the	full	length	proteins	formed	
a	 complex	 (Fig.	 6C).	The	EPB41L	antibody	 attached	 to	beads	pulled	
down EPB41L5 and MPP5, whereas non-specific guinea pig IgG’s did 
not.	Thus,	in	addition	to	binding	the	FERM	binding	motif	of	CRB	pro-
teins,	EPB41L	interacts	directly	with	the	HOOK	domain	of	MPP.	
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Fig. 6 Direct interaction between MPP5 and EPB41L5.	 (A).	The	FERM	
domain	of	EPB41L	binds	 to	 full	 length	MPP.	The	domain	of	MPP	 res-
ponsible	 for	 binding	 to	EPB41L	 is	 restricted	 to	 the	HOOK	domain	 using	
constructs	with	 the	 SH3+HOOK	domain	or	 only	 the	HOOK	domain.	 (B).	
GST-pull down confirms that the HOOK domain of MPP5 binds to the intact 
FERM	domain	of	EPB41L.	(C).	Anti-EPB41L	antibody	co-immunoprecipi-
tates	EPB41L	with	full	length	MPP	from	HEK293	cells.	In	the	control	lane,	
non-specific guinea pig IgG coupled to prot A/G agarose beads did not co-im-
munoprecipitate	EPB41L	and	MPP.
Epb4.1l5 overexpression affects tight junction formation in MCDK 
cells
The	dynamic	 localization	of	Epb4.1l	on	 cell	membranes	of	 epithelial	
like-tissues	such	as	kidney	and	neural	structures	and	its	interaction	with	
the	CRB-MPP	protein	 complex	prompted	us	 to	 test	 the	 involvement	
of	 Epb4.1l	 in	 establishing	 cell	 polarity	 and	 cell	 junction	 formation.	
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We	established	MDCK	cell	 lines	overexpressing	a	myc-tagged	Epb4.1l5	
construct.	Clones	 1	 and	 2	 expressing	myc-Epb4.1l	 at	 different	 levels,	
as	 tested	 by	Western-blot	 (Fig.	 7A),	were	 selected	 for	 further	 analysis.	
Control	and	myc-Epb4.1l	overexpressing	MDCK	cells	were	subjected	
to	a	“calcium	switch”	protocol	in	order	to	follow	cell	re-polarization	and	
establishment	of	cell	 junctions.	To	check	 for	correct	cell	 tightness	and	
cell	 junction	 assembly,	 control	 and	 myc-Epb4.1l	 expressing	 cell	 mo-
nolayers	were	subjected	to	[3H]inulin leakage test (Fig. 7B). Briefly, cell 
monolayers in filter chambers were treated with [3H]inulin	added	in	the	
apical	chamber.	The	amount	of	 [3H]inulin	found	 in	 the	basal	chamber	
provide	 hints	 about	 the	 leakage	 of	 the	 cell	monolayer.	After	 1hour	 of	
[3H]inulin	 supplementation,	 control	 cell	monolayers	were	 tight	 enough	
to	 allow	 the	 crossing	 of	 only	 1.%	of	 total	 radioactivity.	On	 the	 con-
trary,	both	myc-Epb4.1l	overexpressing	cell	monolayers	partially	failed	
to	block	[3H]inulin	leakage.	Interestingly,	leakage	defects	were	stronger	
in	the	higher	myc-Epb4.1l	expressing	cells	(clone	2),	indicating	a	speci-
fic effect of the transgene in affecting or delaying cell junction assembly. 
To	 look	for	 the	cellular	 impairment	 responsible	 for	 these	defects,	cells	
were	analyzed	for	cell	junction	formation	and	polarity	(Fig.	7C).	While	in	
control	MDCK	cells	polarization	was	completely	restored	after	12	hours,	
myc-Epb4.1l	overexpressing	cells	 (clone	2)	displayed	disorganized	cell	
contacts	at	the	same	time	point.	Interestingly,	ZO-1	and	PATJ	stainings	
revealed	 disorganization	 and	 repression	 of	 tight	 junction	 formation	 in	
Epb4.1l	 overexpressing	 cells	 with	 respect	 to	 control	 cells.	 Both	 pro-
teins	were	 either	 completely	 lost	 in	 some	 junctions	or	 strongly	 repres-
sed,	indicating	a	failure	in	tight	junction	formation	(Fig.	7	C-H).	On	the	
contrary,	 β-catenin	expression	was	not	strongly	altered	indicating	rather	
normal	 adherens	 junction	 structures	 (data	not	 shown).	Thus,	Epb4.1l	
overexpression specifically represses tight junction formation leading to 
cell-cell	contact	disorganization.	Later	analysis,	24	hours	after	switch	to	
normal	growth	medium,	showed	a	strong	recovery	of	cellular	 junction	
in	Epb4.1l	overexpressing	cells,	although	occasionally	loss	or	reduction	
of	ZO-1	and	PATJ	staining	at	cell	borders	was	still	detected	 (data	not	
shown).	All	together,	these	results	indicate	that	during	epithelial	cell	po-
larization,	Epb4.1l	is	a	negative	regulator	of	tight	junction	assembly	that	
may	contribute	to	the	correct	positioning	of	these	structures	in	the	cells.
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DISCUSSION
In	this	study,	we	show	that	FERM	domain	protein	Epb4.1l	 is	associ-
ated	with	the	mammalian	CRB-MPP	complex.	We	found	that	during	
development,	 Epb4.1l5	 is	 co-expressed	 with	 at	 least	 one	 Crumbs	 gene	
and	Mpp5	in	different	mouse	epithelial	tissues.	For	example,	Crb1,	Crb2,	
Epb4.1l5	and	Mpp5	are	co-expressed	in	the	neural	tube,	while	Crb3,	Mpp5	
and	Epb4.1l5	are	co-expressed	in	the	kidney	and	lung.	In	addition,	Crb1,	
Mpp5	and	Epb4.1l5	are	co-expressed	in	the	retina.	Early	gene	expression	
Fig. 7 Overexpression of Epb4.1lL5 affects tight junction formation in 
calcium-switch dependent MDCK cell re-polarization.	(A).	Western-blot	
with	an	anti-myc	antibody	showing	stable	MDCK	cell	 lines	expressing	 low	
(clone	1)	and	high	(clone	2)	levels	of	the	myc-Epb4.1l	transgene.	(B).	Analysis	
of	 cell	monolayer	 tightness	 by	 [3H]inulin	 leakage	 assay,	 12	 hours	 after	 cal-
cium	switch.	Clones	1	and	2	expressing	myc-Epb4.1l	show	about	1.6	-	4	time	
fold	leakage	of	[3H]inulin	compared	to	control	cells	in	a	transwell	chamber,	
respectively.	(C-H)	Analysis	of	tight	junction	assembly	in	control	(C-E)	and	
clone	2	overexpressing	myc-Epb4.1l	(F-H)	cells	in	a	“calcium-switch”	assay.	
(C,	F)	Complete	loss	of	polarity	and	junction	structures	in	cells	treated	with	a	
medium	lacking	Ca2+ (T=0) is seen. Tight junctions are completely restored in 
control	cells	from	a	change	in	high	Ca2+	culture	medium	after	12	hours,	as	vi-
sualized	with	ZO-1	and	PATJ	protein	localization	(D,	D’,	E,	E’).	Conversely,	
clone	2	expressing	myc-Epb4.1l	cells	display	a	severe	cellular	disorganization	
and	impairment	in	tight	junction	assembly	as	shown	by	loss	of	ZO-1	and	PATJ	
proteins	in	cell	borders	(arrows	in	G,	G’,	H,	H’).		D’,	E’,	G’,	H’,	Z-sections	
showing	the	apical-basolateral	localization	of	the	proteins.	Bar,	10	µm.
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of	Epb4.1l5	in	the	developing	neural	tube	indicates	an	important	develop-
mental	function.	Indeed,	mouse	mutant	embryos	(lulu),	which	have	a	null	
allele	for	Epb4.1l,	are	impaired	in	neural	tube	closure	and	arrest	at	E8.	
with	 defects	 in	mesoderm,	 endoderm	 and	 neural	 plate	morphogenesis	
40,41.	
	 Epb4.1l	localizes	to	the	basolateral	side	of	epithelial	cells	in	se-
veral	embryonic	mouse	 tissues	at	E1..	 In	adult	 tissues,	Epb4.1l	was	
found	 at	 the	 apical	 side	 of	 epithelia.	During	 development	Epb4.1l	 is	
recruited	to	the	apical	domain,	demonstrating	an	important	regulation	of	
its	expression	during	development.	Similarly,	in	Drosophila	embryonic	epi-
thelia	that	express	Crumbs,	as	well	as	in	developing	photoreceptors,	the	
Epb4.1l	homologue	Yurt	is	associated	with	the	basolateral	membrane.	
Starting	from	stage	13,	Yurt	was	detected	apical	to	the	ZA	in	epithelia,	
a	region	that	corresponds	to	the	vertebrate	tight	junction.	In	the	eye,	at	
90% of pupal development and in adult flies, Yurt was detected at the 
stalk	membrane,	the	apical	side	of	photoreceptors	2.
	 In	 the	mammalian	 retina,	Epb4.1l	 is	present	 at	 the	OLM	and	
also	 showed	 substantial	 co-localization	with	Crb1	 and	Mpp	 apical	 to	
the	OLM.	The	function	of	Crumbs	at	the	OLM	is	to	maintain	adherens	
junction	between	photoreceptors	and	Müller	glia	cells,	while	Mpp	was	
recently	implicated	in	correct	targeting	of	Crb1	to	this	region	in	Müller	
glia	cells	13,14,42. Recently, it was demonstrated that zebrafish nok (Mpp5) 
is	essential	for	the	establishment	and/	or	maintenance	of	the	OLM	in	the	
retinal	neuroepithelium	during	early	development	17.	Adherens	junctions	
in	the	retinal	neuroepithelium	might	be	precursors	for	the	junctions	la-
ter	found	at	the	OLM	in	the	fully	developed	retina.	The	presence	of	the	
Crumbs,	Epb4.1l5	and	Mpp5	gene	products	in	the	mammalian	retinal	neu-
roepithelium	as	well	as	in	the	fully	developed	retina	suggest	an	important	
function	in	regulating	polarity.	
	 Interaction	 studies	 revealed	 that	 an	 intact	 FERM	 domain	 of	
Epb4.1l	could	strongly	bind	to	the	conserved	GTY	motif	found	in	the	
intracellular	domains	of	all	three	Crumbs	homologues.	A	new	aspect	in	
the	composition	of	the	mammalian	CRB	complex	is	the	direct	associa-
tion	of	Epb4.1l	with	MPP.	Remarkably,	this	binding	also	involves	the	
FERM	domain	of	Epb4.1l	and	the	lysine	rich	HOOK	domain	of	MPP.	
These	binding	studies	as	well	as	co-expression	and	co-localization	in	se-
veral	tissues	suggest	that	a	CRB-Mpp-Epb4.1l	protein	complex	could	
be	active	in	different	tissues,	such	as	the	kidney	and	the	retina,	exerting	
an	important	function	in	cell	polarity.	Interestingly,	conservation	of	this	
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complex	is	observed	between	species	19,2,26.	The	Drosophila	FERM	pro-
tein	Yurt	is	able	to	bind	Crumbs	via	the	GTY	motif.	A	Crumbs-MPP-
EPB41L5 complex was detected in zebrafish, and was shown to negati-
vely	regulate	photoreceptor	apical	size.
	 We	have	shown	that	in	the	retina,	the	intracellular	domain	of	Crb1	
can	bind	to	Epb4.1l	and	MPP.	A	potential	stabilization	of	the	CRB3-
MPP	complex	by	a	FERM	domain	protein	was	suggested	by	others	2.	
However,	mutating	 the	FERM	binding	motif	of	CRB1	did	not	 reduce	
the	binding	of	MPP,	nor	did	a	truncated	PDZ	binding	motif	decrease	
binding	 to	 the	FERM	protein.	We	did	also	not	observe	 that	Epb4.1l	
promotes	binding	of	Mpp	to	Crumbs	in	the	absence	of	the	ERLI	motif	
of	the	latter.	It	is	possible	that	binding	of	Epb4.1l	to	Mpp	is	too	weak	
to be detected in this assay or that the affinity of Mpp5 to the FERM pro-
tein	is	not	high	enough	to	recruit	Mpp	into	the	complex	when	the	ERLI	
sequence	is	removed.	The	same	holds	true	for	the	inability	of	Mpp	to	
recruit	Epb4.1l	when	the	FERM	binding	motif	of	CRB1	was	removed.	
We	showed	that	the	full	length	MPP	and	EPB41L	proteins,	as	well	as	
the interacting domains bind to each other. Also in zebrafish, the EP-
B41L/YMO1-MPP	interaction	is	conserved,	since	the	FERM	domain	
of	YMO1	pulls	down	Nok	from	retinal	 lysates	 26.	 It	might	be	 that	 the	
interaction	between	Epb4.1l	and	Mpp	 is	 regulated	by	other	proteins	
or signaling events, or only occur at specific time points during complex 
formation.	
	 Epb4.1l	binding	to	CRBs	and	Mpp	could	be	simultaneous	or	
mutually	exclusive,	since	the	FERM	domain	of	Epb4.1l	is	involved	in	
both	protein-protein	interactions.	It	is	known	that	both	MAGUK	and	4.1	
proteins	form	ternary	complexes	at	the	plasma	membrane	43.	Transmem-
brane	protein	Glycophorin	C	 forms	 a	 complex	with	MAGUK	protein	
MPP1	and	EPB41	at	the	plasma	membrane	of	red	blood	cells	44,	whereas	
neurexin	and	syndecan-2	bind	to	CASK	and	EPB41	in	neurons	4,46.	For	
EPB41	binding	to	Glycophorin	C	and	Mpp1,	different	parts	within	the	
FERM	domain	are	used	and	therefore	is	not	competitive.	Future	expe-
riments	will	have	to	determine	if	the	same	holds	true	for	the	Epb4.1l	
binding	to	MPP	or	CRBs.
	 In	light	of	the	interaction	of	Epb4.1l	with	the	Crumbs	complex	
and	the	fact	that	overexpression	of	Epb4.1l	affects	the	stabilization	of	the	
tight	junctions,	it	is	tempting	to	propose	a	mechanism	in	which	Epb4.1l	
might	be	recruited	to	the	plasma	membrane	and	thereby	recruits	Crumbs	
complex	partners.	Mutations	 in	either	 the	PDZ	domain	or	FERM	do-
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main	binding	motif	of	CRB3	led	to	the	inability	of	CRB3	to	induce	tight	
junctions	(TJs)	in	a	MCF10	cell	model,	leaving	an	important	function	for	
the presently identified Epb4.1l5 protein in addition to Mpp5 2.	Several	
additional	proteins	that	are	present	in	the	macromolecular	Crumbs	pro-
tein	complex	have	been	implicated	in	the	formation	of	TJs	in	mammalian	
epithelia.	 It	was	 shown	 that	binding	of	PATJ	 to	 the	L27N	domain	of	
Mpp	is	important	for	its	localization	34.	In	turn,	PATJ	binds	to	TJ-as-
sociated	proteins	ZO-3	and	claudin	that	mediate	cell	adhesion	at	this	site	
47.	The	L27C	domain	of	Mpp	binds	to	Lin7	and	the	N-terminal	part	of	
MPP	binds	directly	to	the	PAR6-PAR3-aPKC	polarity	complex	throu-
gh	direct	association	with	PAR6	23,48.	Loss	of	MPP	and	overexpression	
of	Epb4.1l	both	lead	to	delayed	TJ	formation	49.	When	overexpressed,	
Epb4.1l5 might influence TJ formation by regulating MPP5’s availabi-
lity	for	other	interaction	partners	through	its	direct	interaction	with	the	
HOOK	domain	of	MPP.	With	less	MPP	present	to	perform	a	central	
scaffolding function, TJs could be formed less efficient. The number of 
different	proteins	that	are	involved	in	tight	junction	formation	illustrates	
the	complexity	of	the	interplay	between	polarity	molecules.	
We	can	conclude	that	EPB41L	binds	to	conserved	motifs	of	Crumbs	pro-
teins	and	MPP	and	plays	an	important	role	in	the	mammalian	Crumbs	
protein complex. Our findings provide strong indications that EPB41L5 
is	not	only	important	in	cell	polarity	processes	in	the	retina,	but	in	many	
epithelial-derived	tissues	throughout	development.		
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S1. Characterization of the EPB41L5 antibody.	 (A).	 Pre-immune	 serum	
(Pre)	of	the	immunized	guinea	pig	does	not	give	any	signal	in	immunohisto-
chemistry	on	rat	retinal	slices.	In	the	second	panel,	the	signal	of	Epb4.1l	in	rat	
retina could be completely blocked by incubating the affinity purified EPB41L5 
antibody	with	00	µg	of	GST-fusion	protein	prior	to	 incubation	with	retinal	
tissue. (B). The affinity purified EPB41L5 antibody recognizes recombinant 
MBP-tagged	as	well	as	two	different	forms	of	endogenous	EPB41L	in	bovine	
retina	of	100	kD	and	72	kD	on	immunoblot	(IB).	In	addition,	a	smaller	band	
of	 4	 kD	was	detected.	 (C).	The	obtained	 signals	 in	 bovine	 retina	with	 the	
EPB41L	antibody	could	be	completely	blocked	with	00	µg	GST-EPB41L	
fusion protein. (D). The affinity purified EPB41L5 antibody recognizes recom-
binant GST-tagged EPB41L5 protein and has some affinity for recombinant 
GST.	Three	bands	are	recognized	in	bovine	retina	of	100	kD,	72	kD	and	4	kD.	
(E).	The	signal	of	4	kD	in	Western	blot	with	the	EPB41L	antibody	could	be	
completely	blocked	with	20	µg	recombinant	GST	protein	from	Schistosoma	
japonicum.	Whether	or	not	this	4	kD	band	corresponds	to	endogenous	bo-
SUPPLEMENTARY MATERIAL
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S2. GST-pull down assays.	 (A).	 When	 the	 truncated	 FERM	 domain	 of	
EPB41L	 (EPB41LFERM_BC)	was	 used	 in	 a	GST	 pull	 down	 assay,	 the	 inter-
action	 with	 CRB1INTRA	 was	 lost.	 (B).	 Radioactive-labeled	 Epb4.1l	 binds	 to	
the	intracellular	domain	of	Crb1	with	or	without	the	C-terminal	ERLI-motif.	
When	the	FERM	domain	binding	site	is	deleted	(∆GTY),	the	interaction	with	
Epb4.1l	 is	 lost.	 (C).	MDCK	 cells	 stably	 expressing	 p7-CRB3INTRA	 or	 p7-
CRB3INTRA∆ERLI	were	 transfected	with	Myc-Epb4.1l.	 Lysates	were	 immuno-
precipitated	(IP)	with	p7	antibody.	Proteins	were	resolved	on	SDS-PAGE	and	
immunoblotting	using	anti-myc	antibody.	Epb4.1l	associates	with	CRB3INTRA	
as	well	as	CRB3INTRA∆ERLI.	The	reverse	experiment	was	performed	using	anti-
myc	antibody	 for	 IP	and	anti-CRB3	antibody	 for	detection	on	 immunoblot.	
P7-CRB3INTRA	as	well	as	p7-CRB3INTRA∆ERLI	were	found	in	the	complex	when	
immunoprecipitating	myc-Epb4.1l.
vine	GST,	is	not	known.	The	100	kD	and	72	kD	bands	correspond	to	different	
forms	of	EPB41L,	while	the	4	kD	band	cross-reacts	with	some	antibodies	
to	the	recombinant	GST-tag	that	are	present	in	the	polyclonal.	(F).	In	rat	and	
mouse	retina,	three	bands	of	100	kD,	72	kD	and	4	kD	are	detected	as	well.
Chapter 5
134
Supplementary table 2. Summary	 of	 mRNA	 expression	 of	 Crb-complex	
members	in	mouse	embryonic	tissues
Neural tube retina kidney skin lung testis muscle 
Crb1 + + - - - - - 
Crb2 + - - - - - - 
Crb3 - - + - + - - 
Epb4.1l5 + + + + + + + 
Mpp5 + + + - + - - 
PCR products were cloned into pDONR vectors by homologues recombination and 
Table  
5’-TTACATTGCAGGGGGTGGCATC-3’
hMPP5SH3+HOOK (337-458) 5’-ATAATCATCATTTTTATTGG-3’5’-ACAGTAATCCATGTAAAAGCTC-3’  
5’-ATGACAACATCCCATATGAAT-3’ 5’-TCACCTCAGCCAAGTGGATGG-3’hMPP5FL (1-675)
hEPB41L5FERM_ABC (29-353)
hEPB41L5FERM_BC (120-353)  
hMPP5HOOK (408-466)
Sense Antisense
hEPB41L5FL (1-733) 5’-ATGCTGAGTTTCTTCCG-3’  5’-TCAGAGCTCAGTGGTCAG-3’ 
5’-GCGCCGCCACACATATTCCT-3’ 
Construct (a.a. position) 
5’-GGATCCTGGCAGCCCGAAAGC-3’ hCRB2INTRA (1249-1285) 5’-CCTAGATGAGTCTCTCCTCCG-3’
5’-GATACTCTGTTTTCCCACTA-3’
5’-GATACTCTGTTTTCCCACTA-3’
5’-GAAGAAGCCATGAAACAAACC-3’ 5’-ATAGGTTAAGATCTCCTCGTTG-3’
5’-TAGTTAAGTTTTATTCCTCAGAACC-3’
hCRB3INTRA (84-120) 5’-TGGTGCGGAAGCTTCGGGAGAA-3’ 5’-GCGTTCAGATGAGCCGCTCT-3’ 
5’-GTGCCAAGTTCTACCCTGAGG -3’hMOESINFERM_BC (82-306)
hEPB41L4BFERM_ABC (67-263)
hEPB41L4BFERM_BC (148-263)
hEPB41FL (1-720) 5’-ATGACAACAGAGAAGAG-3’ 5’-TCATGTGACAAAGTACTCAC-3’
hMOESINFERM_ABC (1-306)
5’-CCGCCAAGGCCACCCTCTACTG-3’ 5’-GATATTCTGTCCGCCCACTGAACT-3’
5’-TAGTTAAATACTATTCTTCAGAACC-3’ 5’-GATATTCTGTCCGCCCACTGAACT-3’
5’-ATGCCCAAAACGATCAGTGTGCG-3’ 5’-CCTTCATCTGCTGCACCTCA -3’
5’-CCTTCATCTGCTGCACCTCA -3’
5’-ACATCCCAAGCACTGAATG -3’ 5’-TCAGAGCTCAGTGGTCAG-3’hEPB41L5c-ter (476-733) 
hEPB41C-ter (476-720) 5’-TTATGGAAAGTCTGTGTAG-3’ 5’-TCATGTGACAAAGTACTCAC-3’
hCRB1INTRA∆GTY (1370-1406) 5’-AGGGCAACTCAGAGCCCCAGCCGTCA-3’
hCRB1INTRA∆ERLI (1370-1402) 5’-TCACCTCCAACAAAAGGGCAAC-3’
5’-CCTAAATCAGTCTCTCCATTGC-3’
Supplementary table 1. Sense	and	antisense	primer	 sequences	 for	Gateway	
constructs
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ABSTRACT
The transmembrane protein Crumbs is essential in defining the apical 
membrane	domain	in	embryonic	epithelia	as	well	as	in	photoreceptors.	
Crumbs	proteins	are	conserved	between	species	and	 their	 intracellular	
domains	are	involved	in	organizing	a	macromolecular	protein	scaffold.	
In	the	mammalian	retina,	CRB1	is	involved	in	maintenance	of	cell-to-cell	
adhesion.	Recently,	new	binding	partners	of	the	Crumbs	protein	complex	
have been identified, including members of the membrane palmitoylated 
protein	family	(MPP).	MPP	proteins	consist	of	several	protein-protein	in-
teraction	domains	that	are	used	to	assemble	macromolecular	complexes,	
in part by homo- and heterodimerization. Identification of novel compo-
nents	of	the	Crumbs	complex	will	lead	to	a	more	profound	understand-
ing	of	 its	function	in	different	cellular	processes	 in	health	and	disease.	
This	review	summarizes	the	current	view	on	the	composition	and	func-
tion	of	the	Crumbs	protein	complex	in	the	mammalian	retina.	The	core	
Crumbs	complex	localizes	apical	to	the	outer	limiting	membrane,	where	
photoreceptors	and	Müller	glia	contact	each	other.	Correct	functioning	
of	Crumbs	ensures	adhesion	between	these	cells	by	an	unknown	mecha-
nism.	Some	components	of	the	complex	are	found	to	exert	a	function	in	
the	photoreceptor	synapses	and/or	at	the	region	of	the	connecting	cilium.	
Moreover,	studies	using	polarized	cell	cultures	or	model	organisms,	like	
Drosophila and zebrafish, allow us to hypothesize on yet concealed links 
to	several	biological	processes	in	the	mammalian	eye	involving	Crumbs,	
including	retinal	patterning,	ciliogenesis	and	vesicular	transport.
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1. INTRODUCTION
The	Crumbs gene was initially identified in Drosophila	and	encodes	a	large	
transmembrane protein that defines the apical membrane of embryonic 
epithelial	 cells	 1.	Besides	 a	 function	 in	maintenance	of	 apico-basal	 cell	
polarity	 and	 adherens	 junctions	 in	 embryonic	 epithelia,	Crumbs	has	 a	
similar function in adult fly retina 2.	For	epithelial	cells	and	neurons	like	
photoreceptors,	 separation	 of	 their	 apical	 and	 basal	 compartments	 is	
critical	for	correct	functioning	in	cell-to-cell	adhesion,	intercellular	sig-
naling,	 directional	 transport	 of	 (secreted)	molecules	 and	 correct	 tissue	
formation.	Crumbs	molecules	are	found	in	many	species,	ranging	from	
invertebrates	to	mammals	3.	The	intracellular	domain	is	highly	conserved	
and	 is	 involved	 in	organizing	a	macromolecular	protein	scaffold	at	 the	
interior	of	the	different	cell	types	to	exert	its	function.	In	this	review	we	
describe	 the	 components	 of	 the	 intracellular	Crumbs	protein	 complex	
and	we	focuss	on	their	(putative)	links	to	different	cellular	processes	in	
the	mammalian	retina.
1.1 Crumbs and retinal degeneration
Abnormal	Crumbs	function	has	been	associated	with	different	types	of	
retinal	degeneration	in	humans	4.	Mutations	in	Crumbs homologue 1	(CRB1)	
cause	 autosomal	 recessive	 Leber	 congenital	 amaurosis	 (LCA),	 several	
subtypes	of	autosomal	recessive	retinitis	pigmentosa	(RP)	and	autosomal	
dominant	 pigmented	 paravenous	 chorioretinal	 atrophy	 -8.	 LCA	 is	 the	
most	severe	retinal	dystrophy,	characterized	by	blindness	or	severe	visual	
impairment	at	birth,	while	RP	is	considered	milder	with	a	later	age	of	on-
set.	No	genotype-phenotype	correlation	could	be	established	for	CRB1	
mutations, since nonsense mutations on both alleles have been identified 
in	LCA	and	RP	patients	9. This suggests that other genes might influence 
the	severity	of	the	disease.	
CRB1-associated	LCA	is	suggested	to	be	caused	by	a	developmen-
tal	defect	in	the	retina,	since	LCA	patients	with	mutations	in	CRB1	have	
a	thickened	retina	and	lack	the	distinct	layering	of	a	fully	developed	adult	
retina,	resembling	a	more	immature	normal	retina	10.	Retinal	patterning	
defects have also been observed in the zebrafish retina associated with 
mutations	in	different	members	of	the	Crumbs	complex,	e.g.	nok	11,	ome	
12,13,	has	12,	glo	12,14	and	moe	1	mutants,	encoding	MPP	11,16,	Crb2a	17,	aPKC	
18,	N-cadherin	19	and	EPB41L/YMO1	20,21	proteins	,	respectively.	
In RP, rod photoreceptors are first affected leading to night blind-
ness,	 followed	by	progressive	death	of	cone	photoreceptors,	 restricting	
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the visual field initially in the periphery and in later stages can lead to 
complete	 loss	of	 vision.	Progressive	photoreceptor	 cell	 death	 could	be	
due	to	loss	of	adhesion	between	Müller	glia	cells	and	photoreceptors	22.	
Interestingly,	 a	 targeted	 knock-out	mouse	model	 that	 completely	 lacks	
Crumbs	has	a	relatively	mild	defect.	The	retinas	are	initially	normal,	but	
at	3-9	months	the	Crb1	knockout	retinas	develop	localized	lesions	due	to	
the	loss	of	interaction	between	photoreceptors	and	Müller	glia	cells.	The	
CRB/Crb	complex	 localizes	to	the	outer	 limiting	membrane	(OLM)	at	
the	subapical	region	(SAR),	a	region	apical	to	the	adherens	junctions.	Ad-
herens	junctions	at	the	OLM	form	the	adhesion	site	where	photorecep-
tors	connect	to	each	other	and	to	Müller	glia	cells.	Total	lack	of	Crumbs	
in	these	mice	leads	to	neuronal	cell	death	in	the	inner	and	outer	nuclear	
layers	of	the	retina	after	loss	of	OLM	integrity	in	localized	lesions.	Upon	
moderate	 exposure	 to	 light,	 the	number	of	 severe	 focal	 retinal	 lesions	
significantly increases in the Crb1-/-	retina.	A	 targeted	 knock-in	mouse	
with	 a	RP12	missense	mutation	 (Cys249Trp)	 in	 the	 extracellular	 sixth	
calcium-binding	epidermal	growth	factor	domain	of	Crb1)	showed	loss	
of	photoreceptors	in	the	retina	relatively	late	compared	with	mice	lacking	
Crb1	23.	In	addition,	this	missense	mutation	was	associated	with	a	down-
regulation	of	mitotic	checkpoint	protein	Pttg1.
In	a	naturally	occurring	mouse	mutant	(rd8	mouse),	a	single	base	
deletion	in	Crb1 causes	a	frameshift	resulting	in	a	premature	stop	codon	
at	amino	acid	residue	1207.	The	resulting	protein,	if	produced,	lacks	the	
transmembrane	and	cytoplasmic	regions	and	is	predicted	to	be	secreted	
24.		The	observed	effects	include	a	zonula	adherens	(ZA)	that	is	discon-
tinuous	and	 fragmented,	as	well	 as	 shortened	photoreceptor	 inner	and	
outer	 segments	 as	 early	 as	 2	weeks	 after	 birth.	 This	 suggests	 a	 devel-
opmental	defect	 in	 these	 structures	 rather	 than	a	degenerative	process	
and resembles the findings in Drosophila,	where	lack	of	Crumbs	leads	to	
shortened	rhabdomere	and	stalk	membranes,	the	functional	equivalents	
of	vertebrate	outer	and	inner	segments,	respectively	2.	Interestingly,	phe-
notypic	variability	of	the	Crb1	mutation	was	observed	in	different	genetic	
backgrounds, confirming that other genes/factors can influence the phe-
notype.	
1.2 Conservation of Crumbs
In	 humans	 and	mice,	 three	Crumbs	 orthologues	 are	 detected:	CRB1/
crb1,	CRB2/crb2	and	CRB3/crb3.	Crb1	is	only	expressed	in	the	brain	and	
retina	26,	whereas	CRB2/Crb2	is	also	expressed	in	the	kidney,	RPE/cho-
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roid	and	at	low	levels	in	heart,	lung	and	placenta	27.	Crb3	is	ubiquitously	
expressed	in	different	(epithelial	derived)	tissues,	including	the	retina	28.	
In zebrafish, there are five Crumbs isoforms due to whole genome du-
plication:	 crb1,	 crb2a/ome,	 crb2b,	 crb3a	 and	 crb3b	 17.	 CRB1/crb1	 and	
CRB2/crb2	comprise	of	a	large	extracellular	part	with	several	epidermal	
growth	factor	(EGF)-like	repeats	(some	are	predicted	to	bind	calcium)	
and	laminin	A	globular	domain	(G)-like	repeats,	which	are	also	identi-
fied in Drosophila	Crumbs	(Fig.	1).	Differential	splicing	of	CRB1/crb1	and	
CRB2/crb2	 lead	 to	 truncated	 forms	 that	 lack	 the	 transmembrane	 and	
intracellular	part,	and	are	hypothesized	to	be	secreted,	e.g.	CRB1b	(Fig.	1)	
27.	In	mice,	an	additional	short	isoform,	Crb1s,	is	detected	29.	CRB3/crb3	
proteins	lack	the	large	extracellular	region,	but	do	contain	the	transmem-
brane	and	intracellular	part.	The	intracellular	part	contains	two	protein	
binding	motifs,	the	FERM	binding	and	PDZ	binding	motif	(or	PBM),	
that	are	highly	conserved	in	all	orthologues	and	across	all	species	(Fig.	
1)	3.	In	addition,	a	phosphorylation	motif	 is	present	 in	the	intracellular	
domain	of	Drosophila	Crumbs	30,	of	which	some	residues	are	conserved	in	
human	CRBs.	Recently,	an	alternative	splice	form	of	CRB3	is	described	
that	has	a	different	23-amino	acid	sequence	at	its	C-terminus	ending	in	
the sequence CLPI (CRB3-CLPI, fig. 1) 31.	This	splice	form	is	found	in	
human,	cow,	mouse,	rat	and	dog,	but	not	in	Drosophila and zebrafish.
	 Almost	all	mutations	in	human	CRB1 are identified in the extracel-
lular	part,	and	encompass	frameshifts,	nonsense	and	missense	mutations.	
Most	of	the	frameshift	and	nonsense	mutations	are	predicted	to	lead	to	
nonsense-mediated	decay	or	to	truncate	the	protein	such	that	the	trans-
membrane	and	intracellular	part	are	lacking.	Missense	mutations	affect-
ing	cysteine	residues	in	the	laminin	AG-like	domains	or	EGF-like	repeats	
are	predicted	to	affect	the	secondary	structure	of	the	protein	by	disrupt-
ing disulfide bridges 9.	Laminin	AG-like	or	ALPS	(agrin,	laminin,	per-
lecan and slit) domains have been identified in several proteins and could 
be	involved	in	protein-protein	interactions	32,	as	could	EGF-like	domains	
33.	Some	of	the	EGF-like	domains	in	CRB1	are	predicted	to	bind	calcium.	
In fibrillin-1, a protein that contains calcium binding EGF-like domains, 
calcium	is	predicted	to	stiffen	the	protein	into	a	rod-like	structure	and	
thereby	promoting	protein-protein	interaction	or	protecting	against	pro-
teolytic	cleavage	 34-36.	Several	CRB1	missense	mutations	 localize	 to	 the	
EGF-like	domains	and	the	majority	 involves	highly	conserved	residues	
that	could	affect	protein	folding.	Indeed,	NMR	studies	on	recombinant	
wild-type	and	N1317H	(missense	mutation	found	in	LCA	patients)	CRB1	
fragments	structure	demonstrated	that	Ca2+	binding	is	altered,	leading	to	
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disruption	of	interactions	between	adjacent	EGF	domains	37.	One	mis-
sense	variation	is	described	in	the	intracellular	domain,	but	it	is	unclear	
whether	it	is	associated	with	retinal	disease	9.	
Fig. 1	Crumbs orthologues and paralogues in several species. 
Drosophila	(D.m.)	Crumbs	contains	a	signal	peptide,	30	EGF-like	domains,	four	
laminin	AG-like	 repeats,	 a	 transmembrane	 (TM)	domain,	 and	an	 intracellu-
lar	part	that	contains	the	conserved	FERM	binding	and	PDZ	binding	motif	
(PBM).	Human	 (homo sapiens,	H.s.),	mouse	 (mus musculus,	M.m.) and zebrafish 
(danio rerio,	D.r.)	CRB1/crb1	have	an	identical	domain	composition	of	19	EGF-
like	repeats,	three	laminin	AG-like	repeats,	a	TM	domain	and	the	conserved	in-
tracellular	motifs.		A	splice	form	that	lacks	the	TM	and	intracellular	domain	is	
detected	in	human	(H.s.	CRB1b)	and	is	predicted	to	be	secreted.	In	mice,	an	ad-
ditional small isoform is detected (crb1s) in skin. Human, mouse and zebrafish 
CRB2/crb2	all	contain	a	transmembrane	and	intracellular	conserved	binding	
motif,	but	differ	slightly	in	their	extracellular	domain	composition	in	compari-
son	to	each	other	and	to	CRB1.	CRB3/crb3	lacks	the	extracellular	EGF-like	
and	laminin	AG-like	domains,	but	the	intracellular	binding	motifs	are	retained.	
An	alternative	CRB3	splice	form	is	detected	 in	humans	and	other	mammals	
including	rodents	with	a	divergent	C-terminal	sequence	ending	in	the	amino	
acids	CLPI	(CRB3-CLPI).
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On	the	protein	level,	CRB	proteins	migrate	at	a	larger	molecular	weight	
than predicted due to post-translational modifications. The extracellular 
domain	 contains	 conserved	N-linked	glycosylation	motifs,	 likely	 to	be	
responsible	 for	 the	N-glycosylation	of	CRB1	and	CRB3	28	 (Chapter	2).	
An	actual	function	for	this	decoration	with	carbohydrates	is	unknown,	
although	transmembrane	proteins	generally	do	not	protrude	uncovered	
from	the	exterior	of	a	eukaryotic	cell.	Whether	or	not	carbohydrate	bind-
ing proteins such as lectins have affinity for Crumbs is not known, since 
no binding partners for the extracellular domain have been identified so 
far.	
2. The intracellular Crumbs protein complex
The	37-amino	acid	intracellular	domain	of	Crumbs	is	critical	for	its	func-
tion	in	organizing	a	protein	scaffold.	The	terminal	four	amino	acids,	the	
ERLI	motif	or	PDZ	binding	motif	 (PBM)	mediates	binding	to	MPP	
(membrane	palmitoylated	protein	).	CRB1	and	MPP	form	a	complex	
in	 the	mammalian	 retina	 as	 determined	by	 immunoprecipitation	 from	
mouse	retinal	lysates	22	and	by	a	GST-pull	down	assay	from	bovine	reti-
nal	lysates	(Fig.	2).	The	ERLI	motif	is	indispensable	for	interaction,	since	
a	GST-fusion	of	the	intracellular	domain	of	CRB1	that	lacks	the	ERLI	
motif	abolishes	the	interaction	with	MPP	(Fig.	2).	MPP	homologues	in	
Drosophila (Stardust) and zebrafish (nok) are able to interact with the PBM 
of	Crumbs	in	the	same	manner	21,38,39.	
Recently,	an	interacting	protein	for	the	second	conserved	motif,	
the FERM binding motif (GTY sequence), was identified in several spe-
cies.	 In	Drosophila,	 FERM	domain	 protein	Yurt	was	 found	 to	 bind	 to	
Crumbs, and zebrafish homologue YMO1 interacts directly with Crumbs 
and	Nok	 21,40.	 Binding	 of	 the	mammalian	 homologue	EPB41L	 to	 all	
CRBs	in	the	mammalian	retina	involves	the	intracellular	GTY	motif,	as	
removal	of	this	motif	leads	to	loss	of	interaction	(Fig.	2).	Parallel	to	the	in-
teractions identified in zebrafish, EPB41L5 is able to bind to the HOOK 
domain	 of	MPP,	 indicating	 a	 conserved	 importance	 of	 the	Crumbs-
MPP-EPB41L	protein	complex	in	different	species.	Co-expression	and	
co-localisation	analysis	revealed	not	only	an	important	function	of	this	
complex	in	the	retina,	but	also	in	other	epithelial	derived	tissues,	such	as	
the	kidney	(Chapter	).
A	GST-pull	down	experiment	from	bovine	retinas	using	the	in-
tracellular	domain	of	CRB1	added	two	multi-PDZ	proteins,	PATJ	and	
MUPP1	to	the	complex,	albeit	indirectly	via	the	PDZ	domain	of	MPP.	
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Removal	of	 the	ERLI	binding	motif	 in	CRB1	disrupted	 these	 interac-
tions,	whereas	removal	of	the	FERM	motif	did	not	(Fig.	2).
Fig. 2	The Crumbs protein scaffold in the retina identified by GST-pull 
down analysis.
The	intracellular	domain	of	CRB1	fused	to	GST	was	able	to	pull	down	MPP	
(detected	as	a	doublet	around	78	kD,	indicated	with	arrows),	EPB41L,	PATJ	
and	MUPP1	from	bovine	retinal	lysates.	Removal	of	the	ERLI	motif	abolished	
the	binding	of	MPP,	PATJ	and	MUPP1,	whereas	lack	of	the	FERM	binding	
motif	(GTY	sequence)	had	no	effect.	FERM	domain	EPB41L	binds	to	the	
GTY	sequence,	since	removal	leads	to	loss	of	interaction.	Removing	the	ERLI	
motif	had	no	effect	on	binding.	GST	was	used	as	a	negative	control.	IB,	im-
munoblot	staining	with	antibodies	against	proteins	as	indicated.
Besides	PDZ	domains	(8	or	10	in	PATJ,	depending	on	the	isoform,	and	
13	in	MUPP1),	both	proteins	contain	a	single	L27	(Lin-2/Lin-7)	domain	
that	binds	to	the	N-terminal	L27	domain	of	MPP	via	L27	domain	het-
erodimerization	41,42.	Studies	using	polarized	epithelial	cells	demonstrated	
that	 PATJ	 is	 involved	 in	 targeting	 the	Crumbs-MPP	 complex	 to	 the	
apical	membrane	at	tight	 junctions	41.	PATJ	and	MUPP1	are	known	to	
bind	to	tight	junction	proteins.	For	PATJ	this	includes	binding	to	ZO-3	
and	claudin	43,	and	MUPP1	associates	with	ZO-1	and	ZO-2	via	binding	
of	claudin	and	JAM-A	(junctional	adhesion	molecule)	(Fig.	3)	44.	ZO-1	
binds	directly	to	F-actin	4-47	and	to	ZO-2	48,49,	and	both	proteins	associate	
with	actin	binding	protein	EPB41	0,	connecting	this	part	of	the	Crumbs	
complex	to	the	cortical	cytoskeleton	in	epithelial	cells.	In	cells	that	lack	
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well	developed	tight	junctions,	ZO-1	was	found	in	adherens	junctions	as	
well	1.
Whether	PATJ	and	MUPP1	are	 involved	in	targeting	the	CRB-
MPP	complex	at	the	SAR,	or	that	their	binding	partners	provide	a	con-
nection	to	the	actin	cytoskeleton	in	the	retina	remains	to	be	determined.	
MUPP1	 and	PATJ	 are	 detected	 at	 the	 SAR,	 together	with	MPP	 and	
CRBs, although MUPP1 was previously identified in an immunoprecipi-
tate	from	mouse	retinal	lysates,	whereas	PATJ	was	not	22.	In	Drosophila,	
DPATJ	is	necessary	for	the	proper	positioning	of	adherens	junctions	in	
developing	photoreceptors	and	prevents	late-onset		(light-induced)	pho-
toreceptor	degeneration	2,3.
2.1 MPP family of proteins
In	the	retina,	the	Crumbs	protein	complex	is	expanded	through	addition-
al	connections	with	scaffold	protein	MPP	(Fig.	3).	MPP,	also	known	
as	PALS1,	belongs	to	the	membrane	palmitoylated	protein	(MPP)	family	
that	 consists	 of	 seven	members.	The	MPP	 family	of	proteins	 is	wide-
ly	 represented	 in	 the	Crumbs	 complex.	MPP	binds	directly	 to	 family	
members	MPP1,	MPP3	and	MPP4	in	the	retina	4	(and	chapter	2	and	3),	
and	recently	MPP	was	found	together	with	MPP7	in	a	tight	junctional	
complex	 in	epithelial	 cells	 .	MPP	proteins	are	members	of	 the	 larger	
membrane-associated	 guanylate	 kinase	 (MAGUK)	 protein	 family	 and	
share	a	basic	domain	structure	(Fig.	4).	The	so-called	MAGUK	module	
comprises	of	a	PDZ	(Postsynaptic	density-9/	DLG/ZO-1),	SH3	 (Src-
homology-3)	and	GUK	(guanylate	kinase)	domain.	Some	members	have	
a	lysine	rich	sequence	motif,	also	known	as	a	HOOK	domain,	between	
the	SH3	and	the	catalytically	 inactive	GUK	domain.	Furthermore,	 the	
family	prototype	MPP1	(or	p)	lacks	the	L27	domains	that	are	present	
in	the	remaining	MPPs.	
	 MPP	proteins	can	assemble	in	an	intra-	or	intermolecular	fashion	
via	a	SH3-GUK	domain	swapping	mechanism	6	(and	chapter	2	and	3).	
The	SH3	domain	of	MPP	binds	to	its	own	GUK	domain	and	to	that	
of	MPP1	and	MPP4.	Similarly,	 the	SH3-GUK	domains	of	MPP1	and	
MPP4	can	fold	intramolecularly.	However,	the	SH3	domains	of	MPP1/
MPP4	do	not	 interact	with	 the	GUK	domain	of	MPP,	 showing	 that	
the	domain	swapping	mechanism	 is	directional	 and	does	not	allow	all	
possible	binding	combinations.	Deletion	construct	analysis	suggests	that	
the	GUK	domain	of	MPP3	can	bind	to	MPP	using	the	same	binding	
mechanism	as	MPP1	and	MPP4	4.	By	means	of	the	SH3-GUK	interac-
tion	between	MPPs,	oligomerization	into	larger	complexes	that	could	in-
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tegrate	cell	signals	is	feasible,	as	has	been	described	for	other	MAGUKs	
such	as	PSD-9,	CASK	and	DLG1	6-8. This specific binding mechanism 
of	MPP	proteins	provide	a	means	for	regulating	the	assembly	of	protein	
connections	at	the	region	of	the	OLM	or	at	the	synapses	and	could	help	
to	orchestrate	 intracellular	signaling	complexes,	although	the	exact	na-
ture	of	the	signals	involved	is	still	unclear.
Fig. 3	Schematic illustration of the composition of the Crumbs protein 
complex. 
Proteins	 that	 are	 present	 in	 retinal	 complexes	 are	 indicated	 by	 gray	 ellipses.	
White	squares	represent	proteins	that	bind	to	Crumbs	protein	complex	mem-
bers, but the connections are identified in polarized cells other than retinal 
cells.	Note	that	the	complete	downstream	complexes	are	not	depicted	to	avoid	
complication.	The	gray	boxes	indicate	the	general	cellular	processes	in	which	
parts	of	the	protein	complex	have	been	implicated.	Synt-1	is	syntenin-1,	Necl-1	
or	-2	is	nectin-like	1	or	2.	*	EPB41	is	implicated	in	actin	cytoskeletal	linkage	
and	actin	dynamics	which	is	seperated	here	for	easy	visual	representation.
Bold	 lines	 connect	 proteins	 of	which	 their	 interaction	 is	 described	 by	work	
presented	in	this	thesis.
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Fig. 4	Schematic domain composition of MPP proteins. 
MPP	 proteins	 consist	 of	 two	 conserved	 L27	 domains	 (except	 for	MPP1),	 a	
PDZ,	SH3	and	GUK	domain.	Some	have	an	additional	HOOK	domain	and	
MPP	has	an	additional	coiled-coiled	(CC)	region.
Besides	the	SH3	and	GUK	domain,	additional	motifs	of	MPP	are	in-
volved	in	protein-protein	interactions,	allowing	the	build-up	of	an	even	
more	 complex	 protein	 scaffold.	 The	C-terminal	 L27	 domain	 binds	 to	
LIN-7	9,	promoting	protein	stability	in	polarized	epithelial	cells	60.	The	
N-terminal region containing the coiled-coil domain and part of the first 
L27	binds	to	PAR6	in	epithelial	cells	61.	PAR6	is	not	detected	at	the	SAR	
in	the	mouse	retina	22,	although	it	plays	an	important	role	in	the	morpho-
genesis	of	photoreceptors	in	Drosophila	62.	Ezrin,	an	FERM	domain	con-
taining	actin	binding	protein	of	the	membrane-cytoskeleton	linker	fam-
ily, binds to an unidentified domain in the C-terminal part of MPP5 in 
gastric	parietal	cells	63,	while	the	PDZ	domain	of	MPP	binds	to	GABA	
transporter	GAT-1,	 stabilizing	GAT-1	 levels	 in	GABAergic	neurons	of	
the	CNS	64.	Whether	ezrin	and	GAT-1	bind	similarly	to	MPP	in	the	ret-
ina	remains	to	be	investigated.	MPP7	was	recently	found	to	be	associated	
with	MPP	in	a	complex,	although	the	interaction	might	not	be	direct	.	
The	mRNA	transcript	is	expressed	in	the	retina,	but	the	localization	of	
this	protein	remains	elusive		(Chapter	3).
3. The function of the Crumbs complex at the SAR in the retina
The	core	of	 the	Crumbs	protein	complex,	consisting	of	CRB1,	CRB2,	
CRB3	and	 its	direct	 interactors	EPB41L	and	MPP,	as	well	as	 its	as-
sociated	MPP	protein	scaffold	are	found	at	the	subapical	region	(SAR),	
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a	region	just	apical	to	the	adherens	junctions	at	the	outer	limiting	mem-
brane	(OLM)	22,4	(and	chapter	2	and	3).	Adherens	junctions	are	the	sites	
where	the	cytoplasmic	face	of	the	plasma	membrane	is	attached	to	actin	
filaments. They are found in photoreceptors and Müller cells, as well as in 
epithelial	cells,	where	they	separate	the	apical	and	basolateral	membrane.	
Mammalian	 epithelial	 cells	develop	a	 tight	 junction	 (TJ),	 a	 specialized	
plasma	membrane	microdomain	apical	to	the	AJ,	forming	a	seal	between	
adjacent	cells	preventing	passage	of	molecules	from	one	side	of	the	epi-
thelial	 sheet	 to	another.	Although	Drosophila	epithelial	and	mammalian	
photoreceptors	likewise	do	not	form	tight	junctions,	their	SAR	harbors	
protein	complexes	that	appear	also	at	tight	junctions	in	mammalian	epi-
thelial	 cells	 (Fig.	).	 In	addition,	Drosophila epithelial	 cells	have	 septate	
junctions	(SJ)	that	are	located	basal	to	the	ZA	and	form	a	region	of	close	
membrane	 contacts	 that	 extends	over	 large	parts	of	 the	 lateral	 plasma	
membrane	domain	22,6,66.
Immuno-electron	 microscopy	 in	 murine	 retinas	 revealed	 that	
Crb1	immunoreactivity	is	mainly	present	at	the	SAR	in	Müller	glia	cells,	
whereas	CRB2,	CRB3,	PATJ,	MPP	and	MUPP1	are	present	both	in	pho-
toreceptors	and	Müller	glia	cells	67.	MPP	is	involved	in	targeting	CRB1	
to	the	correct	site	of	action.	When	MPP	is	downregulated	by	siRNA	in	
Müller	glia,	CRB1	as	well	as	CRB2,	CRB3,	MUPP1	and	Veli3	mislocalize	
at	the	OLM.	Whether	MPP	downregulation	also	affects	localization	of	
MPP1,	MPP3	and	MPP4	at	the	OLM	remains	to	be	determined.
Conflicting findings were reported for the subcellular localiza-
tion of MPP4, the only MPP protein that is synthesized specifically in 
the	retina.	The	localization	depended	on	the	antibodies	used,	the	applied	
method	for	antibody	epitope	retrieval	as	well	as	the	species	that	was	stud-
ied.	In	human,	bovine	and	porcine	retinas,	MPP4	localizes	to	the	region	
of	the	OLM	at	the	SAR	in	addition	to	the	synapses	of	photoreceptors	68	
(and	chapter	2).	In	bovine	and	porcine,	MPP4	is	present	at	the	region	of	
the	connecting	cilium	in	photoreceptors	and	in	the	outer	plexiform		layer	
(OPL), inner plexiform layer (IPL) and optic fiber layer 68,	while	in	mice,	
MPP4	was	detected	at	the	OLM	in	small	amounts	in	some	studies	69	(and	
chapter	x),	and	only	at	the	OPL	in	others	70,71.	Loss	of	Mpp4	function	in	
MPP4-/-	mice	only	sporadically	causes	photoreceptor	displacement,	with-
out	changing	the	Crumbs	protein	complex	at	the	OLM,	adherens	junc-
tions	or	 synapse	 structure.	This	 suggests	 that	MPP4	does	not	have	an	
essential	docking/scaffolding	function	at	these	locations,	or	that	its	ab-
sence	can	be	easily	compensated	by	other	MPP	proteins	69,72.	In	addition,	
scanning	laser	ophthalmology	revealed	no	retinal	degeneration	69.
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Fig. 5 Comparison of junctional organization in the Drosophila epithe-
lium, mammalian epithelium and mammalian photoreceptor and/or 
Müller cell. 
A:	Drosophila	epithelial	cells	have	a	subapical	region	(SAR)	apical	to	adherens	
junctions	(AJ)	as	well	as	septate	junctions	(SJ).	B:	Mammalian	epithelial	cells	
have	tight	 junctions	(TJ)	apical	to	the	AJ.	C:	Rod	mammalian	photoreceptor	
cells	lack	TJ,	but	have	a	SAR	apical	to	adherens	junctions.	D:	Overview	of	the	
molecules	that	are	found	at	the	SAR/TJ	(black	box),	AJ	(gray	box)	and	SJ	(white	
box).	*	Mammalian	epithelial	cells	do	not	have	septate	junctions,	but	these	Dro-
sophila	orthologues	are	found	at	the	basal	membrane.
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Besides	a	role	of	Crumbs	in	maintenance	of	cell-cell	adhesion	in	the	dif-
ferentiated adult retina, studies using zebrafish as a model have revealed 
retinal	patterning	defects	during	development	associated	with	mutations	
in Crumbs complex members. Zebrafish nok	11,	ome	12,13,	has	12,	glo 12,14	and	
moe 15 mutants	indicate	that	the	associated	proteins,	MPP	11,16,	Crb2a	17,	
aPKC	18,	N-cadherin	73	and	EPB41L/YMO1	respectively	20,40,	are	crucial	
for	 correct	 retinal	 integrity.	Remarkably,	 in	 these	mutants	 all	 neuronal	
cell	 types	have	developed	 from	 the	neuroepithelium.	During	develop-
ment,	retinal	cell	types	migrate	away	from	the	apical	surface	of	the	neu-
roepithelium to form layers of specific cell classes. The apical junctions 
of	the	neuroepithelium	continue	to	exist	in	the	adult	retina	as	the	OLM,	
forming	 a	 layer	 of	 cell	 adhesive	 contacts	 between	 photoreceptors	 and	
Müller	glia	cells.	During	neurogenesis,	loss	of	epithelial	polarity,	already	
in	the	neuroepithelium,	could	result	in	an	incorrect	separation	or	growth	
of	the	apical	and	basolateral	domains,	thus	causing	improper	distribution	
of	cues	and	affecting	the	position	of	postmitotic	cells	74.
In	a	conditional	knockout	mouse	model	for	aPKC,	proper	retinal	
lamination	failed	to	arise	in	post-mitotic	differentiating	neurons	7.	The	
progenitor	 cells	did	not	 generate	proper	 adhesion	with	photoreceptors	
and	photoreceptor	differentiation	occurred	at	different	locations	in	the	
retina.	The	photoreceptors	showed	morphological	defects	and	failed	to	
form	ribbon	synapses.	APKC	is	a	member	of	 the	apical	PAR3/PAR6/
aPKC	protein	complex	76,	 that	functions	in	establishing	cell	polarity	 in	
epithelial	cells	and	links	to	the	Crumbs	complex	via	CRB3-PAR6A	and	
MPP-PAR6B	protein	interactions	61,77,78.	
In zebrafish, localization of Crumbs apical to the OLM is linked 
with	 the	formation	of	photoreceptor	apical	membrane.	Knockdown	of	
zebrafish Crb2b leads to a dramatic reduction in inner segment size 21.	
This	function	of	Crumbs	in	apical	membrane	size	determination	is	con-
trolled	by	FERM	protein	YMO1	or	EPB41L	21.		A	similar	effect	is	seen	
in	the	Drosophila Yurt mutant,	where	lack	of	EPB41L	leads	to	an	expan-
sion	of	photoreceptor	apical	membrane	in	a	Crumbs-dependent	manner	
40.	Overexpression	of	Drosophila	Crumbs	produces	an	expansion	of	pho-
toreceptor	apical	membrane	as	well	2,	while	a	lack	of	Crumbs	reduces	the	
rhabdomere	and	stalk	membrane	length	2.	In	mammals,	Crumbs	function	
in	membrane	size	regulation	remains	tentative.	In	rd8	mice	that	lack	par-
tial	Crb1	function,	a	reduction	in	inner	segment	length	is	seen,	while	in	
total	absence	of	Crb1	in	the	Crb1-/-	knockout	mice	this	is	not	observed.
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Fig. 6	Immunohistochemistry of CRB proteins in the retina. 
A:	CRB1	localizes	to	the	OLM	and	is	not	found	in	the	synapses.	B:	An	antibody	
that	recognizes	all	three	CRB	orthologues	(pan-CRB)	stains	the	OLM	and	the	
OPL.	Immunohistochemistry	was	performed	as	described	in	addendum	2	.
3.1 The Crumbs protein complex in synapses
The	Crumbs	complex	also	seems	to	play	an	important	role	in	the	synaptic	
layer	of	the	photoreceptors.	Although	CRB1	and	MPP	were	not	detect-
ed	in	the	photoreceptor	synapses		(Chapter	2),	a	pan-CRB	antibody	does	
place	CRB2	and/or	CRB3	at	 this	 location	 (Fig.	6).	 In	addition,	MPP1,	
MPP3	 and	MPP4	were	 detected	 at	 this	 subcellular	 site	 22,4.	MPP4	 af-
fects	the	turnover	rate	of	scaffold	protein	PSD-9,	while	LIN-7	or	Veli-3,	
binding	partner	of	MPP4	and	MPP	in	the	mammalian	retina	70,	is	also	
affected	by	the	absence	of	MPP4	in	the	synapse.	At	the	OLM,	Veli-3	is	
not	affected,	probably	because	MPP	is	still	present.	MPP4	functions	as	
a	presynaptic	complex	organizer	in	photoreceptors	that	includes	stabili-
zation	of	PSD-9	and	proper	localization	of	plasma	membrane	calcium	
ATPases	(PMCAs),	 thereby	regulating	calcium	homeostasis	and	synap-
tic	transmission	in	rods	69,72.	For	MPP1	and	MPP3,	no	transmembrane	
protein or calcium channel binding has been identified in the retina, al-
though	MPPs	that	belong	to	the	MAGUK	family	of	proteins	generally	
are	implicated	in	organizing	scaffold	to	integrate	signaling	pathway	com-
ponents	79.	
The	SAR	and	the	synapses	of	photoreceptors	 thus	seem	to	contain	an	
overlapping	 content	 of	 Crumbs	 complex	 molecules.	 Although	 in	 the	
mammalian	 retina	 no	 tight	 junctions	 are	 formed,	 similar	 proteins	 can	
be	found	in	TJ	of	mammalian	epithelial	cells	and	the	SAR	of	the	mam-
malian	photoreceptor	(Fig.	).	It	is	interesting	to	note	that	tight	junctions	
share	functional	and	structural	features	with	synapses.	Both	structures	
1
Composition and function of  the Crumbs protein complex
are	linked	to	the	cadherin/nectin	based	adhesion	system	in	the	adherens	
junctions	80-83,	are	intimately	linked	to	the	actin	cytoskeleton	84,8	and	con-
tain	satellite	Golgi	systems	for	local	protein	synthesis	86-88.	Both	present	
MAGUK	proteins	at	their	protein	scaffolds	89,90,	and	multi	PDZ-domain	
protein	MUPP1	is	even	found	at	tight	junctions,	the	SAR	as	well	as	gluta-
minergic	terminals	22,44,91.	Recently,	a	proteomic	and	bio-informatics	ap-
proach	to	study	the	protein	content	of	epithelial	tight	junctions	revealed	
a	cluster	of	synaptic	proteins	86.	This	implicates	that	some	components	of	
the	Crumbs	complex	that	are	found	at	the	SAR	and	at	synapses	may	play	
a	role	in	similar	cellular	processes	that	involve	organization	of	large	pro-
tein	scaffolds	to	regulate	cell-cell	communication	and	adhesion	between	
Müller	glia	and	photoreceptors	as	well	as	between	neurons,	most	likely	
between	the	postsynaptic	and	the	presynaptic	membrane.
3.2 The Crumbs protein complex in cilia and basal bodies
Besides	 displacement	 of	 cell	 junctions	 in	 the	 neuroepithelium,	 Crb2b,	
aPKC, N-cadherin and MPP5 zebrafish mutants display mislocalized 
centrosomes	11,13,14,18.	The	centrosome	has	classically	been	 implicated	as	
microtubule	organization	centre	(MTOC)	that	regulates	cell	division	in	
meiotic	 and	mitotic	 cells.	During	mitosis,	 organization	 of	 the	 spindle	
pole	orientation	determines	the	outcome	of	cell	division.	If	the	mitotic	
spindle	pole	is	aligned	parallel	to	the	apical	surface,	both	cells	inherit	a	
portion	 of	 the	 apical	membrane	 (planar	 cell	 division),	 while	 a	mitotic	
spindle	pole	axis	perpendicular	to	the	surface	of	the	retinal	neuroepithe-
lium,	results	in	the	inheritance	of	functional	components	in	one	daughter	
cell	 and	 the	 other	 one	migrates	 away	 to	 differentiate	 (asymmetric	 cell	
division)	92,93.	The	centrosome	and	the	basal	body,	a	structure	highly	re-
lated	to	centrioles,	the	components	of	a	centrosome,	as	well	as	a	cilium	
are	recognized	as	interlinked	both	structurally	through	a	network	of	mi-
crotubules	and	functionally	by	similar	protein	content	with	overlapping	
functions.	Furthermore,	exit	of	the	cell	cycle	is	accompanied	by	ciliary	
assembly	 (reviewed	 in	 reference	94).	The	neuroepithelium	has	 a	 single	
cilium,	with	Crb	staining	at	the	base	where	basal	bodies	are	located.	In	
zebrafish, crb2b and crb3a morphants have shorter and displaced cilia. 
Crb2b	is	necessary	for	elongation	and	motility	of	polynephric	cilia,	while	
crb3a	functions	 in	regulating	the	length	of	the	auditory	hair	cell	kino-
cilium	17.	Whether	CRBs	are	found	at	the	basal	body	and/or	connecting	
cilium	in	mammalian	photoreceptors,	a	structure	that	is	formed	between	
the	 inner	 and	outer	 segments	 and	 functions	 in	 exchange	of	molecules	
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between	 the	 two	 compartments,	 remains	 to	 be	 determined.	However,	
CRB3	has	recently	been	reported	to	localize	to	cilia	 in	the	kidney,	and	
loss	of	CRB3	blocks	cilia	formation	in	cultured	epithelial	kidney	cells	9.	
Recently,	an	additional	CRB3	splice	form	with	a	alternative	C-terminus	
that	 lacks	 the	ERLI	motif	 is	described	 in	human	and	 rodents	 31.	This	
form	localises	to	the	cilia	membrane	and	a	membrane	compartment	at	
the	mitotic	spindle	poles	and	is	suggested	to	play	a	role	in	ciliogenesis	and	
cell	division.	Based	on	the	fact	that	CRB1	is	mainly	expressed	in	Müller	
glia	cells	67, and above presented findings, mammalian CRB2 and CRB3 
are	 the	most	 likely	 candidates	 to	 be	 found	 in	 the	 photoreceptor	 basal	
body	and/or	connecting	cilium.	
In	addition,	Crumbs	complex	member	MPP1	is	found	in	the	ki-
nocilium	and	basal	bodies	of	hair	cells	96	and	connecting	cilium	and	basal	
bodies	 in	 the	retina,	where	 it	co-localizes	with	PDZ	scaffold	molecule	
whirlin (Chapter 3). The involvement of whirlin in actin filament polym-
erization	 97,98,	 and	binding	of	MPP1	to	FERM	domain	protein	EPB41	
involved	in	anchoring	molecules	to	the	actin	cytoskeleton	96,99,	elicit	a	role	
for both proteins in actin organization and dynamics. Actin filaments 
are	required	for	proper	positioning	of	ciliary	basal	bodies	100,101	and	both	
molecules	may	 be	 indispensable	 in	 this	 process,	 besides	 generation	 or	
maintenance	of	cell	polarity	through	a	link	with	MPP	(Chapter	3).
The	Crumbs	associated	PAR6/PAR3/aPKC	complex	localizes	to	
cilia	and	regulates	ciliogenesis	in	mammalian	epithelial	cells	9.	PAR6,	in	
general,	plays	a	role	in	the	organization	of	the	microtubule	cytoskeleton	
and	 the	 localization	of	 the	MTOC	during	 asymmetric	 cell	 division	or	
migration	 102.	Mitotic	 spindle	orientation	during	 retinal	progenitor	 cell	
divisions	requires	aPKC	function	in	vertebrates	18.	
	 PATJ	was	recently	associated	with	a	function	in	reorientation	of	
MTOC	and	affects	the	direction	of	migration	in	epithelial	cells	103.	More	
interestingly, DPATJ binds to Frizzled 1, recruits aPKC and influences 
planar	cell	polarity	in	the	Drosophila	eye	104.
During	development,	CRBs,	MPP	and	EPB41L	are	expressed	
in	 the	 ventricular	 layer	 of	 the	mouse	 neural	 tube	 in	 proliferative	 cells	
and	not	in	postmitotic	neural	compartments	suggesting	a	putative	role	in	
cell division and differentiation (Chapter 5). In zebrafish mutants, loss of 
adhesion	and	mislocalized	centrosomes	in	the	neuroepithelium	precede	
neurogenesis.	Patterning	defects	seem	to	arise	without	affecting	differen-
tiation	in	retinal	cell	types.	In	mammals	it	is	not	known	whether	defects	
in	the	neuroepithelium	could	give	rise	to	retinal	degeneration,	although	
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in	LCA	patients	patterning	defects	have	been	observed	10.	In	it	interesting	
to	note	that	in	Drosophila	polarized	epithelia,	Crumbs-mediated	adherens	
junction	adhesion	is	coupled	to	the	outcome	of	cell	division.	Adherens	
junctions	are	found	to	inhibit	asymmetric	cell	division	in	the	epithelium	
by	planar	cell	polarity	cues.	RNA	inference	to	inhibit	Crumbs	function	
led	to	misoriented	spindle	poles	and	loss	of	epithelial	integrity.	Overex-
pression of the intracellular domain of Crumbs is sufficient to disrupt 
the	formation	of	adherens	junctions	and	to	provoke	a	switch	from	sym-
metric	to	asymmetric	cell	division	10.	Whether	a	similar	mechanism	is	at	
the	base	of	mammalian	neuroepithelium	cell	divisions	or	could	explain	
patterning	defects	in	the	vertebrate	retina,	is	not	known.
3.3 The Crumbs complex and vesicular transport
The	Crumbs	protein	complex	has	been	described	to	play	a	role	 in	reg-
ulation	 of	 cell	 polarity	 in	 the	 retina,	 controlling	 aspects	 ranging	 from	
maintenance	of	cell-cell	adhesion	to	apical	membrane	size	determination.	
These	functions	are	exerted	apically	to	the	OLM,	but	depending	on	the	
Crumbs orthologue and specific binding partners, additional functions 
of	the	complex	at	photoreceptor	synapses	and	cilia	structures	are	detect-
ed.	Although	participation	of	the	Crumbs	protein	complex	is	observed	in	
several	processes	at	different	locations,	it	is	noteworthy	to	mention	that	
a	common	denominator	in	the	regulation	of	these	processes	supports	a	
role	 for	 the	Crumbs	 complex	 in	vesicle	 transport.	 Several	 studies	 syn-
thesize	data	showing	the	 importance	of	Crumbs	 in	endocytotic	vesicle	
transport.
	 Recently,	multiple	signaling	pathways	that	control	cell	polarity	are	
found	to	be	regulated	by	endocytosis	of	transmembrane	proteins.	Block-
ing	the	intracellular	pathway	that	normally	leads	to	degradation	of	the	en-
docytosed	transmembrane	receptors	in	the	lysosome	ultimately	leads	to	
loss	of	cell	polarity	106.	Crumbs	is	presumably	delivered	by	vesicles	to	the	
apical surface of epithelial cells, where it specifies the apical domain. Its 
expression	is	regulated	by	Rab-dependent	endocytosis,	since	a	defect	in	
Rab	function	leads	to	abnormal	apical	expansion	in	Drosophila	epithelial	
cells	107.		
	 Furthermore,	fast	disassembly	of	apical	junctions	that	is	seen	un-
der	 normal	 physiological	 conditions	 and	 in	 pathologic	 events,	 cannot	
solely	be	explained	by	down	regulation	of	the	expression	of	proteins.	The	
junction-remodeling	event	can	take	place	in	1	hour,	while	the	half-life	of	
junctional	proteins	can	be	up	to	ten	times	as	long.	Endocytosis	of	junc-
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tional	protein	complexes	serve	as	an	additional	more	rapid	mechanism	by	
which	remodeling	is	controlled	108.		The	Rich/Amot	complex,	important	
in	maintenance	of	tight	junction	in	polarized	epithelial	cells,	is	found	in	
a	dynamic	complex	of	interactions	with	MPP,	PATJ	and	PAR3	proteins	
that	is	regulated	by	the	small	GTPase	Cdc42.	This	complex	might	regu-
late	the	uptake	of	polarity	proteins	at	the	tight	junctions,	since	selective	
internalization	of	MPP	and	PAR3	 is	 seen	upon	Amot	overexpression	
and	might	provide	a	new	sorting	mechanism	that	decides	whether	tight	
junction	transmembrane	proteins	are	recycled	back	to	the	plasma	mem-
brane	or	are	sent	elsewhere	such	as	lysosomes	or	the	trans-Golgi	network	
,109. PATJ was found to regulate specifically CRB3 distribution in intra-
cellular	compartments	such	as	 the	early	endosomes	upon	downregula-
tion	in	polarized	epithelial	cells	110.
Could	the	Crumbs	protein	complex	play	a	role	in	similar	endocy-
totic	vesicular	transport	processes	in	the	retina?	Although	in	the	retina,	
no	tight	junctions	are	found,	the	similarity	in	protein	components	that	
build	tight	junctions	and	regulated	its	maintenance	that	are	found	at	the	
SAR	is	striking.	Furthermore,	at	synapses	intensive	vesicular	transport	is	
needed	to	ensure	proper	signal	transmission	and	several	members	of	the	
Crumbs	complex	are	detected	there.
In	addition,	tandem	PDZ	domain	protein	syntenin-1	was	found	
to	interact	with	MPP	in	the	mammalian	retina	(Chapter	4).	Syntenin-1	
might	form	a	molecular	link	between	the	adherens	junction	complex	and	
Crumbs	complex	at	the	apical	site.	In	addition,	syntenin-1	was	found	to	
co-localize	with	Arf6	and	Rab11	and	is	known	to	regulate	surface	avail-
ability	of	transmembrane	receptors	111.
4. Animal models for Crumbs and Crumbs complex members	
Several	animal	models	have	been	studied	and	have	given	insight	into	the	
pathology	of	Crumbs	defects	(table	1).	It	appears	that	CRBs	can	substi-
tute	each	other	in	at	least	some	developmental	or	cellular	processes	and	
thus share functional characteristics. Remarkably, in zebrafish mutants as 
well	as	in	LCA	patients	retinal	lamination	defects	have	been	observed.	
Drosophila	mutants	and	 the	naturally	occurring	Crb	mouse	model	both	
present	developmental	defects	 in	photoreceptor	apical	membrane	mor-
phogenesis, which was also observed for the Crb2b zebrafish morphants. 
However,	there	are	also	discrepancies	between	species	in	the	severity	of	
the	phenotypes,	the	time	of	onset	and	the	tissues	that	are	affected	(table	
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1).	Differences	in	phenotypic	features	observed	in	mice	and	human	have	
been	observed	before,	for	example	in	a	model	for	Usher	syndrome:	shaker	
mice	with	mutations	in	MyosinVIIa	only	present	hearing	loss,	while	hu-
mans	suffer	from	deafness	and	blindness	(Usher	syndrome	type	B)	112,113.	
On the other hand, environmental factors or genetic modifiers could 
influence the differential outcome of a disease. In rd8	mice,	the	severity	
of	the	phenotype	depends	on	the	genetic	background	24.	
Organism Model ref Mutation/ defect Phenotype 
Fruitfly - Crb11A22 2, 25
- Std (MPP5) 113
- DPATJ 51, 52
- Yurt (EPB41L5) 40, 114
- Null, eye clones 
- Null, eye clones 
- Null, eye clones 
- Null 
- Fragmented ZA, reduced 
rhabdomere length, reduced stalk 
membrane length. 
- Defects in epithelial morphogenesis, 
expansion of photoreceptor apical 
domain 
Zebrafish - Crb2b morphant 17
- Crb3a morphant 17
- Ome (Crb2a) 13, 17
- Nok (MPP5) 11, 16
- Moe (EPB41L5) 15, 20, 21
- Morpholino 
- Morpholino 
- Loss of function 
- Loss of function 
- Loss of function 
- Reduced inner segments/ cilia length 
- Reduced kinocilium length 
- Retinal lamination defects 
- Retinal lamination defects 
- Retinal lamination defects 
Mouse - Crb1-/- 22
- CrbC249W 23
- Rd8 24
- Limulus (EPB41L5) 115, 
116
- MPP4 -/-68, 71
- Knock-out, no 
functional Crb1 
- Knock-in, RP 
mutation 
- Naturally 
occurring, lacks 
TM and intra 
- Knock-out, null 
- Knock-out 
- Lesions with fragmented ZA, (half)-
rosettes, neuronal cell death in INL 
and ONL after 3-9 months. 
- Late onset loss of photoreceptors. 
- Fragmented ZA, shortened inner and 
outer segments, retinal folds and 
pseudorosettes 2 weeks after birth. 
- Morphogenetic defects of the 
mesoderm, endoderm and neural 
plate. 
-Destabilization presynaptic protein 
complex, disturbed calcium 
homeostasis and synaptic 
transmission. No retinal degeneration. 
Table 1. Overview	of	animal	models	for	Crumbs	and	its	complex	members
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It	is	tempting	to	speculate	that	defects	in	members	of	the	Crumbs	protein	
complex	may	be	involved	in	the	pathogenesis.	More	detailed	analysis	of	
Crumbs	orthologues	or	even	isoforms	as	well	as	the	composition	of	the	
protein	 complex	 during	 development	will	 lead	 to	 a	more	 in-depth	 in-
sight	into	Crumbs	function	in	the	retina	and	will	shed	more	light	on	the	
mechanism	that	leads	to	retinal	degeneration	in	humans.
5. CONCLUSION
The	Crumbs	protein	complex	is	implicated	in	mechanisms	that	control	
cell	polarity.	Evidently,	Crumbs	is	indispensable	for	adhesion	and	adher-
ens	junction	maintenance	at	the	OLM	region	of	the	mammalian	retina.	Its	
intracellular	protein	scaffold	plays	a	role	in	the	organization	of	membrane	
domains by defining the apical compartment. The presence of MPP pro-
teins	in	the	Crumbs	complex	suggests	the	build-up	of	a	macromolecular	
complex	that	could	couple	 this	 transmembrane	protein	 to	downstream	
intracellular effectors and increase the efficiency and specificity in signal 
transduction.	Although	signaling	pathways	have	not	yet	been	described	
in	the	retina,	a	conserved	phosphorylation	site	in	the	intracellular	domain	
of	Crumbs	and	a	link	to	PCP	signaling	is	noted.
Some	Crumbs	orthologues	as	well	as	interactors	of	Crumbs	have	
been	implicated	in	basal	body	and	cilia	related	processes.	Although	it	is	
too early to say that mammalian Crumbs proteins influence asymmetric 
cell	 division	 and/or	migration,	 associations	with	 these	 important	 pro-
cesses	have	been	described.	Finally,	 involvement	of	components	of	the	
Crumbs	complex	in	vesicular	transport	and	regulation	of	cell	polarity	by	
influencing endocytosis is a recent finding and will evidently lead to more 
research	in	this	direction.
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1. Crumbs recruits a subcortical protein scaffold
This thesis describes the identification of novel members of the Crumbs 
protein	complex	in	the	mammalian	retina.	The	search	for	binding	part-
ners	 that	 directly	 bind	 to	 Crumbs	 revealed	 membrane	 palmitoylated	
protein		(MPP)	as	an	interacting	protein	for	the	PDZ	binding	motif.	
MPP	 contains	 several	 protein-protein	 interaction	 domains,	 such	 as	 a	
coiled-coiled	region,	two	L27	domains,	and	a	MAGUK	module	consist-
ing	of	a	PDZ,	SH3,	HOOK	and	GUK	domain.	By	using	yeast	two-hybrid	
screens,	family	members	MPP1	and	MPP4	were	found	to	be	part	of	the	
protein	complex	(Chapter 2 and 3).	MPP	proteins	can	potentially	form	
large networks by the identified homo- and heterodimerization of the 
SH3	and	GUK	domains.	In	addition,	they	serve	as	anchoring	molecules	
for	ion	channels,	receptors	or	adhesion	molecules.	In	the	retina,	the	anal-
ysis	of	putative	channels,	receptors	and	adhesion	molecules	that	could	be	
part	of	the	MPP	scaffold,	besides	Crumbs,	has	only	just	commenced.	
MPP1	provides	a	physical	connection	between	the	Crumbs	com-
plex	(via	MPP)	and	the	Usher	protein	complex	(via	whirlin)	in	the	ret-
ina	(Chapter 3).	The	MPP1-whirlin	interaction	has	also	been	described	
in	hair	cells	 in	 the	 inner	ear,	where	whirlin	 is	known	to	mediate	actin	
polymerization	and	stereocilia	growth	1. Actin-filled stereocilia develop 
from	microvilli	on	 the	 surface	of	hair	 cells	 in	organized	 rows	 that	 in-
crease	 in	 length	 towards	 the	kinocilium	2-4. At a specific time point in 
hair	cell	development,	whirlin	and	MPP1	proteins	are	found	at	similar	
subcellular	compartments.	In	the	whirler	mouse,	which	lacks	functional	
whirlin,	expression	of	MPP1	is	ablated	in	the	stereocilia	and	at	other	sites	
at	 the	apical	hair	cell	 surface	from	P	onwards.	This	suggests	 that	 the	
whirlin-MPP1	interaction	is	very	dynamic	and	that	whirlin	is	required	for	
MPP1	localization	from	P	onwards	until	whirlin	expression	fades	out	
at	P14	.	In	light	of	the	interaction	of	MPP1	and	MPP,	it	is	tempting	to	
speculate	that	MPP,	if	expressed	in	hair	cells,	may	be	involved	in	hair	
cell	polarity.	
The	localization	of	the	whirlin-MPP1-MPP	complex	during	reti-
nal	development	is	not	known.	Our	studies	demonstrate	the	interaction	
and	localization	of	these	proteins	in	adult	animals	(older	than	P20),	al-
though	at	E14.	and	E16.	the	mRNA	transcript	of	MPP1	was	detected	
in	the	neuroblastic	layer	of	the	retina	similar	to	whirlin.	In	adult	animals,	
MPP1,	MPP	and	whirlin	might	exert	a	 function	at	 the	outer	 limiting	
membrane	 (OLM)	 in	 the	 establishment	 and/or	maintenance	 of	 apico-
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basal	cell	polarity.	In	addition,	whirlin	and	MPP1	were	found	at	the	con-
necting	cilium	and	basal	bodies	of	photoreceptors.	Their	functional	role	
in	this	subcellular	part	of	the	photoreceptor	is	unclear.	The	involvement	
of whirlin in actin filament polymerization ,6,	 and	 the	 interaction	 of	
MPP1	with	FERM	domain	protein	EPB41	involved	in	anchoring	mem-
brane	proteins	to	the	actin	cytoskeleton	1,7,	suggest	a	role	for	both	pro-
teins in actin organization and dynamics. Actin filaments are required 
for	proper	positioning	of	ciliary	basal	bodies	8,9	and	the	presence	of	both	
molecules	at	these	structures	in	photoreceptors	is	 in	line	with	a	role	in	
this	process.
Screening	of	 retinal	 cDNA	 libraries	 using	 the	 yeast	 two-hybrid	
method	 did	 not	 result	 in	 interactors	 for	 the	 FERM	 binding	motif	 of	
CRB1.	However,	by	testing	several	candidate	FERM	proteins	for	inter-
action	with	 the	 intracellular	domain	of	CRB1	 in	yeast,	FERM	protein	
EPB41L	was	 found	 to	 interact	with	 all	 three	human	Crumbs	homo-
logues	 (Chapter 5).	 Interestingly,	 EPB41L	 also	 directly	 binds	 to	 the	
HOOK	domain	 of	MPP,	 forming	 a	 CRB-MPP-EPB41L	 complex.	
Others	have	demonstrated	the	presence	of	a	similar	protein	complex	in	
Drosophila and zebrafish, and reported a negative regulation of EPB41L5 
on	apical	membrane	formation	10,11.	We	did	not	observe	an	effect	on	api-
cal	membrane	 growth	 in	 our	MDCK	model	 following	 overexpression	
of	EPB41L.	In	a	mouse	model	with	a	null	allele	for	Epb4.1l	also	no	
effects	on	apical	membrane	size	have	been	observed	12.	Overexpression	
of	EPB41L	in	polarized	MDCK	cells	leads	to	a	delay	in	tight	junction	
formation.	Therefore,	in	mammals,	EPB41L	may	be	more	important	for	
regulation	of	junction	formation.	
As	 described	 in	Chapter 6,	 some	 protein	 binding	 domains	 of	
members	of	 the	Crumbs	complex	have	multiple	binding	partners.	 It	 is	
not	known	to	date	whether	multiple	binding	proteins	are	competing	for	
the	same	binding	site	or	that	interaction	partners	using	the	same	binding	
domains	are	temporally	and	spatially	separated.	For	example,	the	HOOK	
domain	of	MPP	is	found	to	bind	both	syntenin-1	and	the	FERM	do-
main	protein	EPB41L	(Chapter 4 and 5).		For	the	MPP	-	syntenin-1	
interaction	no	functional	studies	have	been	performed,	but	we	hypoth-
esize	that	this	interaction	provides	a	molecular	link	between	E-cadherin	
based	cell	adhesion	and	regulation	of	 junction	formation	 in	the	retina.	
Whether	EPB41L	and	syntenin-1	are	connected	to	the	MPP-Crumbs	
complex	as	a	single	functional	unit	remains	to	be	determined.
By	determining	the	composition	of	the	Crumbs	complex	as	de-
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scribed	in	this	thesis	and	by	correlating	it	to	current	knowledge	(Chapter 
6),	we	outlined	a	protein	interaction	network	that	provided	information	
regarding	the	function	of	this	complex.	Crumbs	molecules	are	conserved	
between	species	and	their	intracellular	domains	are	involved	in	organiz-
ing	a	macromolecular	protein	scaffold.	In	the	mammalian	retina,	CRB1	
is	involved	in	maintenance	of	cell-to-cell	adhesion	at	the	outer	limiting	
membrane	(OLM).	Some	components	of	the	complex	are	found	in	the	
photoreceptor	 synapses	and/or	at	 the	 region	of	 the	connecting	cilium,	
besides	localization	apical	to	the	OLM.	Moreover,	studies	using	polarized	
cell	cultures	or	model	organisms,	 like	Drosophila and zebrafish, reveal a 
putative	function	of	Crumbs	 in	retinal	patterning,	ciliogenesis	and	ve-
sicular	transport.
2. The role of the extracellular domain of Crumbs
Whereas	the	intracellular	domain	of	CRBs	allows	the	build-up	of	a	mac-
romolecular	protein	complex,	 the	function	of	 the	extracellular	domain	
remains	largely	unknown	(Chapter 6).	Studying	the	function	of	the	ex-
tracellular	domain	of	Crumbs	was	not	part	of	this	project,	but	important	
advances	regarding	its	putative	function	have	been	described	by	others.	
Although	 varying	 in	 size,	 the	 extracellular	 domains	 of	 CRB1,	
CRB2	and	CRB3	proteins	 are	 (predicted	 to	be)	N-glycosylated	 13,14.	 In	
mammals,	glycosylated	proteins	and	glycosaminoglycans	are	abundantly	
present	in	the	space	between	the	outer	limiting	membrane	and	the	RPE,	
the	so-called	interphotoreceptor	space	1.	The	content	of		the	interphoto-
receptor	space,	the	interphotoreceptor	matrix,	provides	support	for	the	
aforementioned	cells	 and	 ensures	 the	 integrity	 and	 function	of	photo-
receptor	 cells	 16.	 The	 interphotoreceptor	 space	 is	 a	 barrier,	 interposed	
between	 the	 capillaries	 of	 the	 choroid	 that	 supply	 nourishment	 to	 the	
photoreceptors,	and	allows	passage	of	vitamin	A	to	regenerate	rhodopsin	
in	the	visual	cycle	of	rod	photoreceptors	17.	Loss	of	adherence	between	
the	RPE	and	photoreceptor	layer	in	e.g.	retinal	detachment,	rapidly	leads	
to	photoreceptor	death.	A	function	for	 the	 large	extracellular	domains	
of	the	CRB1	and/or	CRB2	proteins,	and	even	for	the	smaller	extracel-
lular	domain	of	CRB3	in	this	interphotoreceptor	matrix	could	be	envi-
sioned	by	assuring	adhesion	between	photoreceptors	as	well	as	between	
photoreceptors	and	Müller	glial	cells.	Their	extracellular	domains	could	
hypothetically	be	 involved	 in	homotypic/heterotypic	 interactions	or	 in	
interactions	with	the	interphotoreceptor	matrix	itself,	providing	the	cor-
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rect	distance	between	photoreceptors	and	Müller	glial	cells.	When	this	
distance	is	altered,	e.g.	by	mutations	in	the	extracellular	domain	of	CRB1	
as	found	in	patients	with	retinal	degeneration	(see	Chapter 6)	or	by	the	
fact	that	no	CRB1	protein	is	present	as	seen	in	the	Crb-/-	mouse,	com-
munication	between	the	cells	could	be	impaired.	This	could	ultimately	
account	for	a	loss	of	signals	that	control	adhesion.	Recently,	a	large	216-
amino acid secreted protein called spacemaker (SPAM) was identified in 
Drosophila,	containing	seven	epidermal	growth	factor	(EGF)-like	repeats,	
a	linker	region	containing	multiple	sites	for	glycosaminoglycan	addition,	
and	a	carboxy	terminus	 including	four	alternating	repeats	of	EGF-like	
and	Laminin	G	domains.	 Spacemaker	 is	 crucial	 in	 the	 creation	of	 the	
inter-rhabdomeral	space	and	determining	 its	size	(rhabdomeres	are	the	
functional	equivalents	of	mammalian	photoreceptor	outer	segments)	18.	
The	fact	that	the	extracellular	domains	of	CRB1	and	CRB2	have	a	similar	
domain	structure	would	support	a	similar	function	of	these	proteins	in	
the	interphotoreceptor	matrix.
3. Differential localization of Crumbs proteins in the retina
Contradictory findings have been reported regarding the localization of 
the	Crb1	protein	in	the	retina.	Using	a	peptide	antibody	against	the	intra-
cellular domain, CRB1 was first detected at the region of the OLM, the 
Müller	glia	and	in	the	inner	(IS)	and	outer	segments	(OS)	of	cone	pho-
toreceptors	19.	Staining	of	the	IS	and	OS	of	cones	has	not	been	observed	
by others and could be the result of a fixation artifact in the staining pro-
cedure.	Furthermore,	eight	out	of	fourteen	peptide	residues	used	to	raise	
the	polyclonal	 antibody	 are	 identical	 to	 the	Crb2	 sequence,	 suggesting	
potential	cross-reactivity,	which	makes	the	interpretation	of	this	staining	
pattern	even	more	complex.	
Antibodies	 against	 the	extracellular	domain	were	able	 to	detect	
both	Crb1	isoforms	(with	and	without	the	intracellular	domain)	at	the	
region	of	the	OLM,	photoreceptor	inner	segments	and	apical	processes	
of	Müller	glial	cells	and	in	the	outer	nuclear	layer	(ONL)	20.	In	rd8	mice	
that	lack	the	transmembrane	and	intracellular	part	of	Crb1,	staining	in	
the	inner	segments	appeared	the	same	while	staining	in	the	apical	pro-
cesses	of	Müller	glial	cells	and	OLM	was	diffuse	or	absent.	Apparently,	
the	 intracellular	domain	 is	 important	 for	 localization	of	Crb1	 in	Mül-
ler	glia.	Human	and	mouse	CRB1/Crb1	were	detected	apical	to	the	re-
gion	 of	 the	OLM	by	 immunohistochemistry	 using	 antibodies	 against	
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their intracellular domain. This region of the OLM has been specified 
as	the	subapical	region	(SAR)	21.	The	antibody	raised	against	the	mouse	
intracellular	domain	 (AK2)	cross-reacts	with	human	CRB1,	while	 the	
antibody	against	human	CRB1	(AK7)	was	later	found	to	be	a	pan-Crb	
antibody.	No	additional	staining	of	complete	inner	or	outer	segments	of	
photoreceptors,	Müller	glia	apical	villi	or	reactivity	in	the	ONL	was	ob-
served	with	both	AK2	and	AK7	antibodies.	Immuno-electron	micros-
copy	(immuno-EM)	with	the	AK2	antibody	detected	Crb1	mainly	at	the	
SAR	in	the	Müller	glial	cells	22.	Using	immuno-EM,	Crb2	and	Crb3	were	
detected	at	the	SAR	in	both	photoreceptors	and	Müller	glia	22.
Despite	some	inconsistency	in	CRB1/Crb1	stainings	in	the	retina,	
overlap	can	be	found	at	the	SAR	where	both	photoreceptors	and	Müller	
glial	cells	reside.	At	the	SAR,	CRB2	and	CRB3	were	detected	in	Müller	
glia	and	photoreceptors.	The	CRB1	isoform	that	contains	the	intracel-
lular	domain	and	transmembrane	region	appears	to	be	mainly	found	in	
the	Müller	glia,	while	the	isoform	without	the	intracellular	domain	could	
be	the	main	isoform	that	is	present	in	photoreceptors	based	on	data	of	
the	rd8	mouse.	To	shed	more	light	on	this	matter,	antibodies	should	be	
raised specifically against the latter variant that has a unique carboxy 
terminus	of	 40	 amino	 acids	without	 a	 transmembrane	or	 intracellular	
domain.
4. Disease-causing mutations and the Crumbs complex
Thus	far,	of	all	members	of	the	Crumbs	complex,	only	mutations	in	the	
CRB1	gene	have	been	found	to	cause	retinal	dystrophies.	Assuming	that	
changes	in	genes/proteins	in	the	same	pathway	or	protein	network	could	
be	implicated	in	causing	a	similar	disease,	several	members	of	the	Crumbs	
protein	complex	were	analyzed	for	mutations	(unpublished	data).	
The	open	reading	frame	and	splice	junctions	of	CRB2	23	and	CRB3	
were	analyzed	for	mutations	by	single-strand	conformation	analysis	and	
direct	nucleotide	sequencing	 in	79	LCA	and	8	autosomal	recessive	or	
isolated RP patients, but no causative mutations were identified. Mutation 
analysis	for	MPP5	in	81	autosomal	recessive	or	isolated	cone-rod	dystro-
phy	(CRD)	patients,	79	LCA	patients,	and	8	autosomal	recessive	or	iso-
lated	RP	patients	using	conformation-sensitive	capillary	electrophoresis,	
and	additional	sequence	analysis	of	4	patients	with	RP	with	para-arterio-
lar	preservation	of	the	RPE	and	6	patients	with	RP/Coats	also	did	not	
reveal	any	causative	mutations.	Similarly,	mutation	analysis	of	the	entire	
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open	reading	frame	of	the	MPP4	gene in	an	autosomal	recessive	RP	fam-
ily	of	which	the	phenotype	cosegregated	with	a	region	on	chromosome	2	
containing	the	MPP4	gene	24,	as	well	as	a	panel	of	300	unrelated	patients	
with	 retinitis	pigmentosa	 2	 revealed	no	pathologic	mutations.	 In	addi-
tion,	we	did	not	identify	any	MPP4	mutations	in	a	panel	of	8	patients	
with	LCA.	Four	LCA	patients	showed	homozygosity	for	a	chromosomal	
region at 2q14.2 (identified by whole-genome linkage analysis using SNP 
arrays)	containing	EPB41L5	(A.I.	den	Hollander,	personal	communica-
tion).	Sequence	analysis	of	the	24	protein	coding	exons	however	did	not	
reveal	any	disease-associated	mutations.	
Several	explanations	can	be	given	for	the	absence	of	disease-caus-
ing	mutations	 in	 genes	 encoding	Crumbs	 homologues	 and	 interacting	
proteins.	Mutations	in	Crumbs	complex	members	may	cause	completely	
different	non-ocular	phenotypes,	or	even	may	be	embryonically	 lethal.	
CRB2,	based	on	its	similarity	to	Drosophila Crumbs,	is	the	ancestral	CRB	
gene	and	is	expressed	in	many	tissues.	Mutations	in	CRB2	might	not	be	
tolerated	or	could	lead	to	a	complex	phenotype	involving	several	defects.	
This	holds	true	for	other	components	of	the	Crumbs	protein	complex	as	
well.	MPP1,	EPB41L5	and	MPP5	are	expressed	in	the	developing	embryo,	
not	only	in	the	retina,	but	also	in	many	other	organs.	The	MPP1	protein	
exerts	 an	 important	 function	 in	 the	 inner	 ear,	while	 expression	of	 the	
MPP1	gene	is	seen	in	developing	bone	structures	and	the	cranial	nerve	
ganglia	among	others.	Mutations	in	MPP5	could	be	embryonically	lethal,	
since	gene	expression	was	detected	already	in	E10.	embryos	in	the	devel-
oping	neural	tube	and	optic	vesicle,	as	well	as	in	the	branchial	arches	and	
kidney.	EPB41L5	expression	is	detected	at	the	same	developmental	stage	
in	the	same	tissues	as	MPP5	and	mutations	in	EPB41L5	lead	to	early	de-
velopmental	defects	in	mice	12,26.	
Alternatively,	mutations	in	Crumbs	complex	members	could	give	
rise	to	ocular	defects	other	than	photoreceptor	cell	death.	MPP4	is	pre-
dominantly	expressed	in	the	retina,	but	it	is	mainly	found	in	the	photo-
receptor	 synapse	 and	was	 recently	 implicated	 in	 destabilization	 of	 the	
presynaptic	protein	complex.	Furthermore,	in	MPP4-/-	mice,	a	disturbed	
calcium	homeostasis	 and	 synaptic	 transmission	were	 observed,	 but	 no	
retinal	degeneration	27,28.	
Studies from zebrafish show that multiple components are in-
volved	 in	 retinal	 patterning	 defects,	 such	 as	Crb2a,	EPB41L/YMO1,	
MPP/nok	and	aPKC.	Patterning	defects	 in	humans	might	be	present,	
e.g.	in	LCA	patients,	but	whether	or	not	this	phenotype	is	similar	to	what	
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has been found in zebrafish is difficult to assess, since no histological 
studies have been performed on human tissue. In addition, in zebrafish 
additional	Crumbs	 variants	 are	 present	 due	 to	whole	 genome	duplica-
tion. Zebrafish Crb1 is the homologue of mammalian CRB1 based on the 
amino acid sequence, while zebrafish Crb2b is probably the functional 
homologue of CRB1. Zebrafish Crb2a could represent the sequential and 
functional	homologue	of	mammalian	CRB2,	hampering	straightforward	
interspecies	comparison.
On	the	contrary,	functional	redundancy	in	Crumbs	protein	com-
plex	members	could	also	result	in	the	absence	of	a	clinical	manifestation.	
However,	for	EPB41L	and	MPP4	it	is	not	likely	that	their	function	can	
be	taken	over	by	EPB41	or	MPP	protein	family	members	respectively,	
since	knock-out	mice	do	show	defects.
Additional	explanations	secondary	to	the	previous	ones	are	linked	
to	 the	 undertaken	 approach	 to	 analyze	 mutations	 in	 certain	 patient	
groups.	The	number	of	patients	per	clinical	subgroup	that	were	analyzed	
might	have	been	too	low.	Many	retinal	dystrophy	genes	are	only	mutated	
in	1	–	2%	of	all	patients.	The	group	size	would	have	to	be	considerably	
increased	to	statistically	raise	the	detection	chance.	Second,	mainly	DNA	
of	patients	with	autosomal	recessive	RP	was	analyzed.	It	is	possible	that	
some	of	these	genes	might	be	implicated	in	autosomal	dominant	retinal	
dystrophies.	Third,	only	the	coding	sequence	and	intron-exon	boundaries	
are	tested,	while	changes	in	introns,	in	the	promotor	region	or	regulatory	
elements	could	be	causative	for	a	disease.	Mutation	analysis	on	mRNA	
may	reveal	any	of	these	changes.	Fourth,	it	is	possible	that	mutations	in	
CRB2	or	CRB3	and	 interacting	proteins	are	associated	with	LCA,	RP,	
or	retinal	dystrophies	with	additional	clinical	symptoms.	Patients	groups	
with	multiple	clinical	features	were	not	analyzed.	
5. Crumbs complex components as modifier genes
The presence of modifier genes, besides environmental factors, have been 
proposed to influence the phenotypic outcome of the rd8	mouse,	which	
was	observed	 to	depend	on	 the	background	 strain	 20. Modifier effects 
might	explain	the	phenotypic	variability	that	was	found	in	RP	and	LCA	
patients	as	well.	The	majority	of	heterozygous	carriers	of	LCA-associated	
mutations,	including	CRB1	mutations,	can	have	a	mild,	but	clearly	detect-
able	retinal	dysfunction	29,30.	Furthermore,	the	fact	that	two	RP	patients	
with	null	mutations	do	not	 suffer	 from	blindness	 from	birth	 indicates	
that	complete	loss	of	CRB1	function	is	not	enough	to	cause	LCA,	and	
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leaves an important possibility for influence by modifier genes 31.	It	could	
be	hypothesized	that	some	changes	in	members	of	the	Crumbs	complex	
are modifiers for retinal degenerations. A subtle change in a component 
of	the	Crumbs	pathway,	not	enough	to	cause	a	disease	by	itself,	could	very	
well	alter	the	threshold	of	disease	onset	due	to	a	mutation	in	a	function-
ally	related	gene,	or	alter	the	disease	severity.
6. Future directions
To	gain	more	 insight	 into	 the	 function	of	Crumbs	and	 the	 interacting	
proteins, more efforts could be undertaken to define the complex more 
specifically. For example, determining the composition of the protein 
complex at specific developmental stages, while specifying its function in 
different	cell	types	will	give	important	answers	to	questions	on	how	the	
Crumbs complex is spatially and temporally regulated. By using specific 
antibodies	for	retinal	stainings	at	different	developmental	stages,	this	in-
formation	could	be	obtained.	Furthermore,	proteomic	approaches	such	
as GST pull down assays, immunoprecipitations or tandem-affinity puri-
fication (TAP) techniques followed by mass-spectrometry detection, may 
reveal	more	 components	of	 the	 associated	protein	 complex	 in	 a	 single	
experiment.	Some	attempts	have	been	undertaken	 to	purify	 additional	
components	of	the	Crumbs	complex	by	GST-pull	down	analysis	with	the	
intracellular	domain	of	CRB1	in	bovine	retinas.	Pull	down	samples	using	
GST-CRB1INTRA	or	GST	alone	were	compared	on	a	2D-DIGE-gel	sys-
tem	and	differential	spots	were	cut	out	and	analyzed	by	mass-spectrom-
etry.	This	experiment	did	not	yield	any	novel	interacting	proteins.	For	a	
follow-up	experiment,	different	extraction	buffers	could	be	used	to	make	
retinal	 lysates,	or	 immunoprecipitations	 from	the	same	tissue	could	be	
performed.	The	TAP	technique	requires	a	double	tagged	construct	and	
therefore	depends	upon	the	use	of	transfected	cultured	cells,	e.g.	retinal	
cells	or	even	a	polarized	cell	type	such	as	MDCK	cells	(Gloeckner	et al.,	
Proteomics,	in press).	
To	increase	our	understanding	of	the	function	of	Crumbs	mole-
cules	and	to	ascertain	why	mutations	in	CRB1	cause	retinal	degeneration,	
it	will	be	essential	 to	determine	 the	retinal	cell	 type	 in	which	Crumbs	
exerts	its	function.	The	nature	of	the	complex	in	Müller	glial	cells	versus	
photoreceptor	could	be	established	by	aforementioned	techniques,	mak-
ing	use	of	 separate	preparations	of	photoreceptor	 and	Müller	glial	 cell	
cultures	from	e.g.	bovine	or	porcine	retinas	32,33.	The	CRB1	isoform	that	
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contains	 the	 intracellular	 domain	 and	 transmembrane	 region	 could	be	
the	main	isoform	in	Müller	glia,	while	the	isoform	without	the	intracel-
lular	 domain	might	 be	 present	 only	 in	 photoreceptors	 or	 both.	CRB2	
and	CRB3	were	found	both	in	photoreceptors	and	Müller	glial	cells.	The	
presence	of	different	CRB1	isoforms,	as	well	as	the	complementary	na-
ture	 of	 the	 intracellular	 domains	 of	CRB1,	CRB2	 and	CRB3	proteins	
in	providing	a	scaffold	that	allows	the	build-up	of	an	intracellular	pro-
tein complex, needs to be taken into account. By using (isoform) specific 
Crumbs	antibodies	to	precipitate	the	attached	complex,	its	composition	
could	be	resolved.	
The	possibility	of	homo/heterotypic	interactions	between	the	ex-
tracellular	 domains	of	CRB1,	CRB2	 and	maybe	 even	CRB3,	 could	be	
examined.	It	is	not	known	if	CRB1	molecules	can	bind	to	each	other	to	
form	 a	 functional	 unit,	 either	 indirectly	 via	 their	 intracellular	 compo-
nents	or	maybe	even	via	their	extracellular	domains,	and	how	this	might	
lead	to	the	build-up	of	a	macromolecular	complex.	In	this	respect,	de-
termining	 the	 stoichiometry	 of	 the	 complex	will	 also	 be	 important	 to	
learn	more	about	the	function.	We	have	seen	that	MPP	proteins	could	
potentially	form	large	networks	by	binding	to	family	members.	In	addi-
tion,	they	serve	as	anchoring	molecules	for	ion	channels,	receptors	or	ad-
hesion molecules. Defining the number of MPP proteins that are needed 
to	form	a	functional	unit,	is	key	to	understanding	the	regulation	of	the	
Crumbs	complex.	
Omitting	components	one	by	one	from	the	complex	by	perform-
ing	siRNA	on	retinal	explants	may	provide	crucial	information	on	which	
protein	is	essential	for	the	build-up	of	the	complex.	Efforts	for	MPP	in	
this	direction	have	been	proven	successful	22	and	could	be	expanded	for	
other	Crumbs	complex	members.	In	this	way,	the	putative	redundancy	of	
CRB	and	MPP	homologues	could	be	determined.	In	addition,	creating	
conditional	knockout	mice	for	components	that	are	crucial	in	embryonic	
development	and	otherwise	would	lead	to	an	embryonic	lethal	phenotype	
may	be	helpful	to	establish	the	function	of	these	intriguing	proteins.
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Summary
Mutations	in	the	Crumbs homologue 1	(CRB1)	gene	are	causative	for	Leber	
congenital	amaurosis	(LCA),	a	congenital	or	early-onset	blindness,	as	well	
as	for	several	subtypes	of	retinitis	pigmentosa	(RP).	In	RP,	rod	photore-
ceptors are first affected, leading to night blindness, followed by progres-
sive	death	of	cone	photoreceptors	in	the	central	macula	affecting	daytime	
vision. This restricts the visual field initially in the midperiphery and at 
later	stages	can	lead	to	complete	loss	of	vision.	
The	CRB1	gene	encodes	a	transmembrane	protein	that	is	impli-
cated	 in	mechanisms	 that	 control	 cell	 polarity.	The	 shape	of	 cells,	 the	
oriented	 alignment	of	 the	 cytoskeleton	 and	 the	uneven	distribution	of	
organelles	and	molecules	all	contribute	to	cell	polarity.	A	polarized	phe-
notype of a cell reflects its ability to establish functional and separate 
membrane	domains	 that	 allow	 for	both	 structural	 and	 signaling	 func-
tions.	Crumbs	is	involved	in	maintaining	cell	polarity	and	tissue	integrity	
by defining the apical membrane domain in epithelial cells as well as in 
photoreceptors	in	different	organisms.	In	the	mammalian	retina	the	core	
Crumbs	complex	localizes	apical	to	the	outer	limiting	membrane	of	the	
retina,	 the	 so-called	 subapical	 region	 (SAR)	where	photoreceptors	 and	
Müller	glial	cells	contact	each	other.	
The	37	amino	acids	of	the	Crumbs	protein	that	are	located	inside	
the	cell,	form	an	attachment	point	for	an	intracellular	protein	complex	
that	 is	essential	 for	cell	polarity.	 In	 this	 thesis,	 the	composition	of	 the	
Crumbs	protein	network	that	is	associated	with	the	intracellular	domain	
is studied. Identification of novel components of the intracellular Crumbs 
complex	will	 lead	to	a	more	profound	understanding	of	its	function	in	
different	cellular	processes	in	health	and	disease.	In	addition,	defects	in	
components	of	 the	Crumbs	protein	complex	might	be	 involved	 in	 the	
pathogenesis	of	inherited	retinal	disorders	(Chapter 1).
Yeast	two-hybrid	screens	of	bovine	and	human	retinal	cDNA	li-
braries	were	performed	with	the	intracellular	domain	of	Crumbs	homo-
logue	1	(CRB1)	to	identify	novel	interaction	partners.	This	small	37-ami-
no	acid	domain	contains	two	conserved	binding	motifs,	namely	a	PDZ	
and	a	FERM	binding	motif.	The	membrane-associated	guanylate	kinase	
protein	(MAGUK)	protein	MPP	(also	known	as	PALS1)	binds	to	the	
PDZ	binding	motif	of	CRB1	(Chapter 2).	MPP	consists	of	several	pro-
tein	binding	domains	and	further	analysis	of	binding	partners	for	MPP	
by yeast two-hybrid screening led to the identification of MPP family 
members	MPP1	 and	MPP4	 (Chapter 2 and 3).	These	membrane	pal-
mitoylated	proteins	have	largely	expanded	the	Crumbs	protein	network	
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and	their	binding	properties	provide	an	intricate	mechanism	to	build	and	
regulate	large	networks	comprised	of	similar	building	blocks.	
MPP1	was	found	to	bind	to	whirlin,	a	key	regulator	of	the	Usher	
protein	 network	 that	 is	 implicated	 in	 actin	 polymerization.	Mutations	
in	DFNB31	encoding	the	whirlin	protein	are	found	in	cases	of	isolated	
deafness	 and	 in	 patients	with	Usher	 syndrome	 (sensorineural	 deafness	
and	retinitis	pigmentosa).	MPP1	provides	a	link	between	the	Usher	pro-
tein	network	via	whirlin	and	the	Crumbs	protein	complex	via	MPP	in	
the	retina. These findings might point to a shared function of these pro-
tein	complexes	in	actin	polymerization	and	cell	polarity	establishment	or	
maintenance.	Besides	co-localization	of	MPP1,	MPP	and	whirlin	at	the	
SAR,	MPP1	and	whirlin	were	also	found	at	the	connecting	cilium	region	
and	basal	body	structure	(Chapter 3).
Syntenin-1	is	present	in	the	Crumbs	protein	complex	via	interac-
tion	with	MPP	at	the	subapical	region	(SAR)	in	the	retina.	Syntenin-1	
has	a	variety	of	proposed	functions	in	different	polarized	cell	types,	rang-
ing from a role in cytoskeletal-membrane organization, protein traffick-
ing	and	cell	adhesion	to	the	activation	of	transcription	factors.	A	role	for	
Syntenin-1	in	the	retina	has	not	yet	been	described,	but	the	association	
with	polarity	determinant	MPP	at	the	subapical	region	found	here,	sug-
gests	a	role	in	retinal	cell	polarity	processes	(Chapter 4).
Three	 Crumbs	 homologues,	 CRB1,	 CRB2	 and	 CRB3,	 exist	 in	
mammals.	All	 are	 able	 to	bind	 to	MPP	and	EPB41L,	 through	 their	
conserved	PDZ	and	FERM	binding	motif,	respectively.	Conservation	of	
the Crumbs-EPB41L5-MPP5 complex in zebrafish and Drosophila	dem-
onstrates	an	evolutionary	importance,	although	its	function	may	vary	be-
tween	species.	In	contrast	to	a	negative	effect	on	apical	membrane	expan-
sion as identified in Drosophila and zebrafish, overexpression of EPB41L5 
in	 polarized	MDCK	 cells	 leads	 to	 a	 delay	 in	 tight	 junction	 formation	
(Chapter 5).	
 Some components of the Crumbs complex that were identified 
were	subjected	to	mutation	analysis,	but	no	causative	mutations	for	a	reti-
nal	disease	were	found.	This	could	implicate	that	the	number	of	patients	
per (sub)clinical group that was analyzed was statistically not sufficient. 
Alternatively,	mutations	 in	 Crumbs	 complex	members	may	 also	 cause	
(sub)clinical	phenotypes	different	from	a	progressive	photoreceptor	cell	
death,	 e.g.	 (eye)	defects	of	developmental	origin,	or	 syndromic	pheno-
types	that	include	a	retinal	dystrophy,	or	may	be	embryonic	lethal	(Chap-
ter 7).
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Summary
The	 intracellular	Crumbs	 protein	 complex	 has	 been	 largely	 ex-
panded by this work. The identified components point towards func-
tions	of	the	Crumbs	protein	complex	in	several	cellular	processes,	rang-
ing	from	cell	adhesion	to	retinal	patterning.	Some	Crumbs	orthologues	
as	 well	 as	 interactors	 of	 Crumbs	 have	 been	 implicated	 in	 basal	 body	
and	cilia	related	processes.	It	 is	tempting	to	speculate	that	mammalian	
Crumbs proteins influence ciliogenesis, asymmetric cell division and/or 
migration,	since	associations	with	these	important	processes	have	been	
reported.	Besides	a	role	in	cell-cell	adhesion	at	the	region	of	the	OLM,	
some	components	of	the	Crumbs	complex	are	recently	found	to	be	in-
volved in vesicular transport and regulation of cell polarity by influencing 
endocytosis	(Chapter 6).
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Mutaties	in	het	Crumbs homoloog 1	(CRB1)	gen	veroorzaken	verschillende	
vormen	van	erfelijke	blindheid,	waaronder	Leber	congenitale	amaurosis	
(LCA)	en	retinitis	pigmentosa	(RP).	LCA	wordt	gekenmerkt	door	aange-
boren	blindheid	of 	verlies	van	gezichtsvermogen	op	zeer	jonge	leeftijd.	
Patiënten	met	RP	hebben	in	eerste	instantie	last	van	nachtblindheid	door	
het	afsterven	van	lichtgevoelige	staafjes	in	het	netvlies.	Op	latere	leeftijd	
sterven	ook	de	kegeltjes	af,	waardoor	uiteindelijk	totale	blindheid	kan	ont-
staan.
Het	CRB1	gen	codeert	voor	een	eiwit	dat	door	het	membraan	van	
cellen	heen	 steekt.	Daarbij	bevindt	het	grootste	gedeelte	van	dit	 trans-
membraaneiwit	zich	buiten	de	cel	en	bevindt	zich	een	klein	gedeelte	van	
37	aminozuren	aan	de	binnenzijde.	Het	CRB1	eiwit	is	verantwoordelijk	
voor	de	regulatie	van	celpolariteit.	Celpolariteit	wordt	gekenmerkt	door	
het	vermogen	van	een	cel	om	het	apicale	en	basolaterale	membraan	van	
elkaar	 te	 onderscheiden	 en	 als	 het	ware	 een	 “bovenkant”	 en	 een	 “on-
derkant”	te	hebben.	Hierdoor	treedt	er	een	ordening	op	van	celorganel-
len,	het	cytoskelet	en	andere	moleculen	binnen	de	cel	die	belangrijk	zijn	
voor de structuur en de functie van de cel. Crumbs definieert het apicale 
membraan	van	zowel	epitheel	cellen	als	fotoreceptoren	in	verschillende	
organismen.	In	het	netvlies	van	zoogdieren	bevindt	het	Crumbs	eiwit	zich	
aan	de	apicale	zijde	van	de	buitenste	“limiting”	(afgrenzende)	membraan	
in	het	netvlies,	de	zogenaamde	subapicale	regio.	Het	buitenste	‘limiting’	
membraan	is	geen	echt	membraan,	maar	lijkt	daar	slechts	op	onder	de	mi-
croscoop.	Het	is	de	plaats	waar	fotoreceptoren	in	nauw	contact	staan	met	
de	omliggende	Müller	glia	cellen.	Het	Crumbs	eiwit	is	verantwoordelijk	
voor	celadhesie	tussen	de	fotoreceptoren	en	Müller	glia	cellen.
De	37	aminozuren	van	het	Crumbs	eiwit	die	zich	aan	de	binnen-
zijde	van	de	cel	bevinden,	vormen	een	aanhechtingspunt	voor	een	intra-
cellulair	 eiwit	 complex	dat	 essentieel	 is	 voor	 celpolariteit.	 In	dit	 proef-
schrift	wordt	de	compositie	van	het	 intracellulaire	eiwit	complex	nader	
bestudeerd. Door nieuwe bestanddelen van dit netwerk te identificeren, 
zullen	we	meer	te	weten	komen	over	de	manier	waarop	het	Crumbs	eiwit	
zijn	functie	uitvoert,	zowel	in	een	gezond	netvlies	als	mogelijk	ook	in	net-
vliezen	van	patiënten	die	lijden	aan	erfelijke	blindheid	veroorzaakt	door	
mutaties	in	het	CRB1	gen.	
Met	behulp	van	het	“yeast	 two-hybrid”	systeem	zijn	banken	ge-
screend	met	daarin	cDNA’s	uit	humane	en	rundernetvliezen.	Met	deze	
techniek	kunnen	eiwitten	die	aan	het	intracellulaire	domein	van	Crumbs	
binden	gedetecteerd	worden.	Het	reeds	bekende	eiwit	MPP	(membraan	
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gepalmitoyleerd	 eiwit	 )	bleek	 te	binden	 aan	PDZ	bindingsmotief 	 van	
Crumbs worden geïdentificeerd (Hoofdstuk 2).	MPP	op	zijn	beurt	be-
staat	uit	een	aantal	bindingsmotieven	waar	ook	andere	eiwitten	aan	kunnen	
binden.	Door	de	yeast	two-hybrid	screens	uit	breiden	voor	MPP,	zijn	de	
bindingspartners	en	familieleden	MPP1	en	MPP4	gevonden	(Hoofdstuk 
2 en 3).	Via	een	speciaal	bindingsmechanisme	zijn	deze	eiwitten	in	staat	
om	grote	netwerken	te	vormen	en	te	reguleren.
Het	MPP1	eiwit	bindt	aan	whirlin,	een	eiwit	dat	gecodeerd	wordt	
door	het	DFNB31 gen.	Mutaties	 in	dit	 gen	kunnen	 leiden	 tot	 erfelijke	
doofheid	of 	Usher	syndroom	(erfelijke	doofblindheid).	Whirlin	reguleert	
de	vorming	van	een	Usher	eiwit	netwerk	en	is	verantwoordelijk	voor	ac-
tine	polymerisatie.	MPP1	vormt	een	link	tussen	het	Usher	en	het	Crumbs	
eiwit	netwerk,	waardoor	beide	eiwitcomplexen	betrokken	kunnen	zijn	bij	
actine	polymerisatie	en	het	ontstaan	en	behoud	van	celpolariteit.	Naast	
het	feit	dat	MPP1,	MPP	en	whirlin	te	vinden	zijn	in	de	subapicale	regio,	
hebben	MPP1	en	whirlin	mogelijk	ook	een	functie	in	het	connecting	ci-
lium	en	de	“basal	bodies”	van	fotoreceptoren	(Hoofdstuk 3).
Syntenin-1	is	aanwezig	in	het	Crumbs	eiwit	complex	via	interac-
tie	met	het	zogenaamde	“HOOK”	domein	van	MPP.	Ook	Syntenin-1	
is	 te	 vinden	 in	 de	 subapicale	 regio	 in	het	 netvlies.	Van	Syntenin-1	 zijn	
verschillende	functies	gepostuleerd	in	gepolariseerde	cellen,	zoals	en	rol	
in	cytoskelet-membraan	ordening,	eiwit	transport,	cel	adhesie	en	het	ac-
tiveren	van	transcriptiefactoren.	Een	functie	voor	het	syntenin-1	eiwit	in	
het	oog	is	niet	eerder	beschreven.	Het	feit	dat	syntenin-1	aan	het	MPP	
bindt,	maakt	dat	het	een	belangrijk	eiwit	zou	kunnen	zijn	voor	celpolari-
teit	(Hoofdstuk 4).
Er	bestaan	drie	homologe	Crumbs	eiwitten	in	zoogdieren,	CRB1,	
CRB2	en	CRB3.	In	hoofdstuk 5	wordt	beschreven	dat	alle	drie	de	eiwit-
ten	zowel	aan	MPP	kunnen	binden	als	aan	EPB41L	met	respectievelijk	
het	PDZ-	en	het	FERM	bindingsmotief 	van	het	intracellulaire	domein.	
Dit	eiwitcomplex	is	ook	teruggevonden	in	de	fruitvlieg	en	zebravis	het-
geen	op	een	evolutionair	belang	van	de	binding	duidt.	De	functie	van	dit	
complex	verschilt	waarschijnlijk	 in	de	verschillende	organismen,	omdat	
een	effect	op	de	expansie	van	apicale	membranen	alleen	wordt	gevonden	
in	de	fruitvlieg	en	zebravis.	Bij	overexpressie	van	het	zoogdieren	EB41L	
eiwit	in	een	celmodel	wordt	een	vertragend	effect	gevonden	op	de	vor-
ming	van	“tight	junctions”.
Sommige	 componenten	 van	 het	 Crumbs	 complex	 die	 hier	 ge-
identificeerd zijn, zijn onderworpen aan mutatie analyse bij patiënten met 
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erfelijke	oogziekten.	Er	zijn	geen	defecten	gevonden	die	een	oogziekte	
zouden	kunnen	veroorzaken.	Dit	 zou	verband	kunnen	houden	met	de	
relatief 	kleine	 (sub)groep	van	patiënten	met	erfelijke	blindheid	die	zijn	
uitgekozen	 voor	 de	 analyse.	Het	 is	 ook	mogelijk	 dat	 defecten	 in	 deze	
componenten	geen	effect	hebben	op	het	afsterven	van	fotoreceptoren,	
maar	wel	een	andere	aandoening	kunnen	veroorzaken.	De	vroege	expres-
sie	van	de	componenten	in	meerdere	organen	duidt	erop	dat	deze	eiwitten	
waarschijnlijk	erg	belangrijk	zijn	tijdens	de	ontwikkeling	van	een	embryo.	
Defecten	in	deze	eiwitten	zijn	mogelijk	niet	verenigbaar	met	het	menselijk	
leven	(Hoofdstuk 7).	
In	hoofdstuk 6	wordt	een	overzicht	gegeven	van	hetgeen	er	mo-
menteel	 bekend	 is	 over	 het	 Crumbs	 eiwitcomplex.	 Het	 intracellulaire	
Crumbs eiwitnetwerk is flink uitgebreid door de studies beschreven in dit 
proefschrift.	Het	lijkt	erop	dat	het	Crumbs	eiwit	complex	betrokken	is	bij	
veschillende	cellulaire	processen.	Sommige	orthologe	Crumbs	moleculen	
alsmede	Crumbs	bindingspartners	zijn	betrokken	bij	processen	die	in	de	
“basal	bodies”	en	cilia	plaatsvinden.	Het	is	nog	te	vroeg	om	te	kunnen	
zeggen	dat	het	Crumbs	complex	in	zoogdieren	ook	betrokken	is	bij	ci-
liogenese,	asymmetrische	celdeling/celmigratie,	maar	de	gevonden	asso-
ciaties	in	andere	organismen	zijn	op	zijn	minst	opmerkelijk.	Naast	een	rol	
in	het	behoud	van	celadhesie	op	de	plaats	waar	fotoreceptoren	en	Müller	
glia	cellen	elkaar	raken,	zijn	er	aanwijzingen	voor	een	mogelijk	rol	van	het	
Crumbs	complex	in	het	transport	en	het	opnemen	van	celcomponenten	
in	blaasjes.
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Chapter 2, Fig. 3 Analysis of the interacting domains of MPP4 and -5.
(A).	To	quantify	the	intermolecular	 interaction	between	MPP4	and	-	(above	
dotted	line),	the	YRG-2	yeast	strain	was	cotransformed	with	the	SH3-HOOK	
region	of	MPP	together	with	two	different	deletion	constructs	of	MPP4.	The	
minimal	 region	 of	MPP4	 needed	 for	 interaction	 contains	 the	E-GuK-F	 re-
gion.	To	determine	the	intramolecular	 interaction	of	MPP	as	well	as	MPP4	
(below	 dotted	 line),	 yeast	 cells	 were	 co-transformed	with	 two	 constructs	 of	
MPP	(pBD-GAL4	domain	fused	to	the	SH3-HOOK	region	and	the	pAD-
GAL4	domain	fused	to	the	HOOK-GuK	domain),	as	well	as	two	constructs	
of	MPP4	 (pBD-GAL4	domain	 fused	 to	 the	GuK	domain	 and	pAD-GAL4	
domain	fused	to	the	SH3 domain). Interactions were quantified by determin-
ing	the	activation	of	the	LacZ	reporter	gene	in	a	liquid	ONPG	assay	(β-galac-
tosidase	 activity,	black	bars).	As	 a	negative	 control,	 the	pBD-GAL4	domain	
fused	 to	CRB1intra	 and	 the	pAD-GAL4	domain	fused	 to	MPP4PDZ	was	used.	
(B).	Homology	modeling	of	MPP4	and	-.	The	initial	models	are	shown	on	the	
left,	covering	the	SH3	(yellow,	green)	and	GuK	domains	(red,	 light	blue).	By	
swapping	the	domains,	one	obtains	a	hetero-dimer,	half	of	which	is	shown	in	
the	middle:	the	SH3	domain	of	MPP	bound	to	the	GuK	domain	of	MPP4.	
Energy	calculations	predicted	a	high	binding	energy	for	this	interaction	(Table	
2),	due	to	a	number	of	salt	bridges,	shown	in	the	close-up:		the	triad	Glu	414MPP4	
-	Lys	31MPP	 -	Asp	96MPP4,	 then	Lys	37MPP	 -	Glu	88MPP4	and	(not	shown)	
Arg	418MPP4	-	Glu	39MPP.	Note	that	an	essential	tyrosine	(Y413)	in	the	GUK	
domain	of	MPP4	sticks	in	the	core	of	the	SH3	domain	of	MPP.	
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Chapter 2, Fig. 5 Distribu-
tion of MPP4, MPP5, CRB1, 
and ß-catenin in adult hu-
man retina.
(A-Q).	 Confocal	 images	 of	
human	 retinas	 stained	 with	
antibodies	 against	 ß-caten-
in	 (A,C-D,E,G-H,M,O,Q),	
CRB1(B-D,I,K-L),	 MPP	 (F-
H,J-L),	 MPP4	 (N-O,Q),	 or	
control	 secondary	 antibodies	
(P).	 Anti-ß-catenin	 antibody	
strongly	stained	the	adherence	
junction	 (D,H,Q),	 whereas	
anti-CRB1	 antibody	 AK2	
(D,L),	anti-MPP	SN47	(H,L),	
and	anti-MPP4	AK4	(N-O,Q)	
stained	 the	 SAR	 in	 the	 outer	
limiting	 membrane	 (OLM).	
MPP	 and	 CRB1	 colocalize	
at	 the	 SAR	 (L).	 AK4	 stained	
the	OPL	(N,O)	and	the	OLM	
(O,Q),	whereas	 secondary	an-
tibodies	 (P)	 produced	 some	
background	 staining	 in	 the	
photoreceptor	inner	and	outer	
segments.	 IS,	 inner	 segments;	
ONL,	 outer	 nuclear	 layer;	
OPL,	 outer	 plexiform	 layer;	
OS,	outer	 segments;	 INL,	 in-
ner	 nuclear	 layer.	 Scale	 bars:	
(A-C, H, L, P, Q) 10 μm; (D, 
E-G, I-K, M-O) 20 μm.
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Chapter 3, Fig. 1	MPP5 binds to MPP1 by a GUK/SH3 domain swap. 
(A).	Schematic	representation	of	the	overall	domain	composition	of	MAGUK	
protein	MPP.	Two	L27	domains	and	the	MAGUK	module	containing	a	PDZ,	
SH3	and	GUK	domain	are	present.	A	HOOK	domain	is	found	between	the	
SH3 and GUK domain. Strands A and D flanking the SH3 domain and E 
and F flanking the GUK domain were identified according to homology with 
PSD-9.	MPPSH3+HOOK	was	used	as	bait.	The	MPPHOOK-end	construct	is	used	
in a yeast two-hybrid assay to determine the specificity of the interaction be-
tween	MPP1	and	MPP.	(B).	Identical	MPP1	preys	were	found	and	MPP1E-end,	
MPP1SH3+HOOK,	MPP1GUK	and	MPP1FL	constructs	were	made.	 (C ).	The	MPP-
1prey	interacts	with	the	MPPSH3+HOOK,	but	MPP1SH3+HOOK	does	not	bind	to	MP-
PHOOK-end.	Full-length	MPP1	proteins	do	not	bind	to	each	other,	whereas	se-
lected	 parts	 of	 the	MAGUK	modules	 do.	 (D).	GST-MPP1E-end	 pulled	 down	
MPPSH3+HOOK.	Beads	alone	or	GST	did	not	interact	with	MPP,	while	MPP1	
did	not	bind	the	MBP	tag	in	the	control	experiment,	showing	that	this	interac-
tion is specific. (E).	Homology	modeling	of	the	MAGUK	modules	of	MPP1	
and	MPP.	The	interacting	GUK	and	SH3	domains	of	MPP1	(red	and	yellow,	
respectively)	and	MPP	(cyan	and	green)	separate	and	form	a	heterodimer	con-
sisting	of	two	mixed	GUK/SH3	complexes.	The	domain	linker	regions	in	
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Chapter 3, Fig. 2 MPP1 expression analysis by RNA in situ hybridisation 
on embryonic and adult mouse tissues. 
In	 sagittal	 whole	 embryo	 cryosections	 low	 levels	 of	 expression	 were	 seen	
throughout	the	embryo.	(A)	MPP1	expression	at	E12.	in	1.	liver;	2.	umbilical	
vein;	3.	primitive	gut;	4.	neuroepithelium;	and	.	upper	jaw	region.	Scalebar	is	
300	µm.	(B)	At	E14.,	expression	was	maintained	in	1.	the	liver;	and	2.	stomach.	
(C)	Hybridisation	with	a	MPP1	sense	probe	did	not	show	tissue	labeling.	(D)	At	
E16.,	the	1.	zygomatic	bone;	2.	lower	jawbone;	3.	trigeminal	(V)	ganglion;	and	
4.	cochlea	showed	expression	of	MPP1.	(E)	A	strong	signal	was	also	observed	
in	1.	femur;	2.	liver;	and	3.	small	intestine	at	this	stage.	Scalebar	is	20	µm.	(F)	In	
the	eye,	a	slightly	higher	signal	intensity	compared	to	surrounding	tissues	was	
observed	in	the	inner	neuroblastic	layer.	(G)	No	staining	was	observed	in	the	
eye	after	sense	probe	hybridisation.	(H)	At	E16.	and	(I)	E18.	expression	was	
maintained	in	the	neuroblastic	layer	and	appeared	in	the	developing	photore-
ceptor	layer.	( J)	At	P7	and	(K)	P90,	expression	in	1.	ganglion	cells;	2.inner	nu-
clear	layer	(INL)	and	3.	photoreceptor	cell	layer	was	seen.	Scalebar	is	20	µm.
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Chapter 3, Fig. 3 MPP1 and MPP5 interact at the outer limiting mem-
brane of the neural retina.
(A).	Staining	of	retinal	cryosections	using	MPP1	rabbit	serum	(red)	detected	
the	protein	at	the		OPL,	ONL,	OLM,	inner	segments,	RPE	and	at	the	connect-
ing	cilium	region.	(A2).	Costaining	with	an	anti-β-catenin	antibody	(green	sig-
nal), a marker for the OLM and OPL, confirmed the presence of MPP1 at these 
locations,	as	shown	by	the	yellow	signal	in	the	overlay	(A3).	(B).	Costaining	of	
MPP1	with	an	antibody	against	the	connecting	cilium	marker	acetylated	tubu-
lin.	(C1).	Anti-MPP	only	stained	the	OLM,	and	costaining	with	anti-MPP1	
(C2)	indicates	their	co-localization	in	the	overlay	(C3).	(D).	Immunoprecipita-
tion	with	MPP	antibody	precipitates	MPP	(7	kD)	as	well	as	MPP1	(	kD)	
from	bovine	retina	(left	panels,	IP	control	is	IgG).	In	the	reverse	experiment,	
MPP1	antibody	coimmunoprecipitates	MPP	from	mouse	retina	(right	panel).
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Chapter 3, Fig. 4 Whirlin can bind to MPP1 by two different mecha-
nisms. (D).	Homology	modeling	of	the	MPP1	C-terminus	bound	to	the	C-ter-
minal	whirlin	PDZ3	domain	(PDB	1UFX)	indicates	that	the	core	motif	of	the	
interaction	is	the	peptide’s	C-terminal	carboxyl	group	tightly	bound	by	three	
backbone	NH	groups,	a	common	feature	in	PDZ-PBM	interactions.	However,	
this	interaction	is	not	possible	in	1UFX	(the	whirlin	PDZ	structure)	since	one	
peptide plane is flipped and a C=O faces the carboxyl group. Therefore, it is 
predicted	that	Gly	87	in	whirlin	must	undergo	a	conformational	change	to	al-
low binding, which is represented in the figure.
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Chapter 3, Fig. 5 MPP1 interacts with whirlin in photoreceptors.	(A-B).	
Retinal	cryosections	were	stained	using	polyclonal	antibodies	against	whirlin	
(A1)	and	MPP1	(A2).	The	signals	show	a	near-complete	overlap	in	the	over-
lay	(A3).	(B).	The	most	prominent	staining	was	found	at	the	OPL,	OLM	and	
around	the	inner	segments	(IS).	(C).	Immunoprecipitation	of	whirlin	using	a	
polyclonal	anti-whirlin	antibody	precipitated	whirlin	from	mouse	retinal	lysates	
(top).	MPP1	co-precipitated	with	anti-whirlin	(bottom).	As	a	control,	protein	
A/G	agarose	beads	without	primary	antibody	were	used.	(D).	Pre-embedding	
immunolabeling	of	 the	ciliary	region	of	mouse	photoreceptors	by	antibodies	
against	whirlin	shows	a	clear	staining	of	the	calycal	processes	(CP),	the	basal	
bodies	(arrow	heads)	(D1 and D2)	and	of	the	connecting	cilium	(indicated	by	
asterisks)	(D2).	Sections	stained	with	anti-MPP1	show	an	identical	signal	in	the	
basal	bodies	and	the	connecting	cilium	(E1	and	E2),	but	not	in	the	calycal	proc-
ess.	Bars	in	D1	0.	µm;	D2	0.2	µm;	E1	and	E2	0.2	µm.
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Chapter 4, Fig. 3 Localization of syntenin-1 in rat retina.	
(A).	Syntenin-1	(green)	staining	using	the	C96	antibody	was	found	in	the	
retinal	pigment	epithelium	(RPE),	inner	segments	(IS),	outer	plexiform	
layer	 (OPL),	 outer	 nuclear	 layer	 (ONL),	 inner	 nuclear	 layer	 (INL)	 and	
ganglion	cell	layer	(GCL)	and	outer	limiting	membrane	(OLM).	(B	and	
C).	Co-localization	with	β-catenin	(red),	a	marker	for	adherens	junctions	
was	 found	 at	 the	OLM.	 (D).A	 similar	 staining	 pattern	 for	 syntenin-1	
was	observed	using	 the	SySy	anti-syntenin-1	antibody.	 (E).	MPP	stai-
ning	was	detected	exclusively	at	the	OLM,	as	previously	shown	[10].	(F).	
Co-localization	of	syntenin-1	(green)	with	MPP	(red)	was	found	at	the	
OLM.	(G).	In	the	inner	segments	(IS)	a	punctate	staining	pattern	of	syn-
tenin-1	was	observed.	(H).	Anti-acetylated	tubulin	antibody,	a	marker	for	
the ciliary axoneme, stained microtubule fibers of the connecting cilium. 
(I).	Acetylated	tubulin	and	syntenin-1	did	not	reveal	complete	overlap,	
but	co-localization	was	observed	at	the	region	of	the	connecting	cilium.
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Chapter 5, Fig. 1	Crb1,	Crb2,	Crb3,	Mpp5	and	Epb4.1l5	(L5)	RNA	localization	
in	mouse	embryos	at	different	developmental	stages.	(A-D).	Expression	pattern	
of	Epb4.1l5	(A),	Crb2	(B),	Crb3	(C)	and	Mpp5	(D)	in	E9.-E10.	whole	embryos.	
Epb41L5	and	Mpp5	are	co-expressed	in	different	tissues	like	the	forebrain	(fb),	
mesencephalon	(mes),	spinal	cord	(sc),	eye	(e),	branchial	arches	(ba),	otic	vesicle	
(o)	and	kidney	(k).	In	all	these	tissues,	either	Crb2	(B)	or	Crb3	(C)	or	both	are	
expressed.	 (E-H).	Expression	 in	 the	 developing	 eye	 of	Epb4.1l5	 (E-F),	Crb1	
(G),	Mpp5	(H)	is	co-localizing	in	the	retina.	Epb4.1l5	transcripts	are	not	detec-
ted	 in	 the	 retinal	 pigmented	 epithelium	 (rpe)	 (arrowheads	 in	F).	Expression	
of	Epb4.1l5,	Crb2	and	Mpp5	in	the	developing	forebrain	(I-K)	and	spinal	cord	
(L-N)	in	E11.	dissected	mouse	neural	tube.	(O-R)	Note	Epb4.1l5	(O),	Crb3	(P),	
Crb2	(Q),	Mpp5		(R)	expression	in	developing	lungs	(lu)	isolated	from	E10.	and	
E11.	mouse	embryos.	All	genes,	except	Crb2,	are	expressed	in	the	endodermal	
layer	(en)	of	the	forming	bronchioles	(Epb4.1l5,	Crb3)	or	saccules	(Mpp5). Both	
Epb4.1l5	(S-T),	and	Crb3	(U)	expression	is	detected	in	the	mesonephric	tubules	
of	the	developing	kidney	(k)	in	E10.-E11.	mouse	embryos.	Dashed	lines	in	
T delineate the mesonephric tissue. (T’) High magnification of the boxed-area 
in	(T)	showing	Epb4.1l5	expression	in	the	endothelial	cells	of	the	mesonepric	
tubules.	Cx,	cerebral	cortex;	lge,	lateral	ganglionic	eminence;	mge,	medial	gan-
glionic	eminence;	vz,	ventricular	zone.
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Chapter 5, Fig. 2 Epb4.1l5 protein distribution in embryonic tissues and 
cellular localization. Cross	sections	of	E1.	cerebral	cortex	(A)	and	spinal	
cord	(B)	where Epb4.1l	was	found	to	be	highly	expressed.	Strong	staining	is	
detected	in	the	luminal	side	of	the	entire	neural	tube	fading	moving	from	the	
ventricle	to	the	peripheral	parenchyma	(arrows	in	A,	B).	Epb4.1l	was	found	to	
localize	in	E1.	embryonic	kidney	(C),	intestinal	guts	(D),	majority	of	the	deve-
loping	muscles	(E)	and	deep	layers	of	the	overlaying	immature	skin	(F).	(G-K)	
Close	view	of	Epb4.1l	localization	in	kidney	epithelial	tubules.	(G-I)	Epb4.1l	
and	β-catenin	double	staining	on	a	renal	tubule	cross-section.	Both	stainings	
appeared	 largely	 overlapping	 on	 the	 basolateral	 cell	membrane	 domains	 (I).	
( J,	K)	Double	staining	of	Epb4.1l	with	proteins	of	the	cell	membrane	apical	
domain	such	as	Crb2	on	sections	of	renal	tubules	( J)	and	ZO-1	(K)	revealed	a	
close	association	of	both	membrane	domains	without	any	notable	overlap.	(L,	
M)	Close	view	of	the	cerebral	cortex	proliferative	layer	overlying	the	ventricle.	
Cortical	proliferative	cells	are	forming	a	pseudo-epithelial	structure	tightened	
by	intercellular	junctions.	Epb4.1l	staining	is	strongly	detected	in	a	basolateral	
cellular	domain	overlapping	with	E-cadherin	(M),	but	excluded	from	the	most	
cortical	apical	side	lining	the	ventricle	and	stained	positive	for	Crb2	(L).	
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Chapter 5, Fig. 3 Co-localization of Epb4.1L5 with CRBs and Mpp5 in 
adult tissues.	(A).	Crb3	(green)	is	found	only	at	the	apical	side	of	the	kidney	
tubule,	while	(B)	Epb4.1l	(L,	red)	is	found	at	the	basal	and	the	apical	side	in	
adult	kidney.	(C).	Overlap	in	staining	is	found	at	the	apical	side.	(D,	G,	J)	In	the	
retina,	Epb4.1l	(L,	green)	is	found	in	the	retinal	pigment	epithelium	(RPE),	
outer	plexiform	layer	(OPL),	outer	nuclear	layer	(ONL),	inner	segments	(IS)	and	
outer	limiting	membrane	(OLM).	(D-F)	Co-localization	with	β-catenin	(red),	a	
marker	for	adherens	junctions	is	found	at	the	OLM.	(G-I)	Also	co-localization	
of	Epb4.1L	(green)	with	CRB1	(red)	and	(J-L)	with	MPP	(red)	 is	found	at	
the	OLM.
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Chapter 5, Fig. 7 Overexpression of Epb4.1lL5 affects tight junction for-
mation in calcium-switch dependent MDCK cell re-polarization.	 (A).	
Western-blot	with	an	anti-myc	antibody	showing	stable	MDCK	cell	 lines	ex-
pressing	low	(clone	1)	and	high	(clone	2)	levels	of	the	myc-Epb4.1l	transgene.	
(B).	Analysis	of	cell	monolayer	tightness	by	[3H]inulin	leakage	assay,	12	hours	
after	calcium	switch.	Clones	1	and	2	expressing	myc-Epb4.1l	show	about	1.6	-	
4	time	fold	leakage	of	[3H]inulin	compared	to	control	cells	in	a	transwell	cham-
ber,	respectively.	(C-H)	Analysis	of	tight	junction	assembly	in	control	(C-E)	and	
clone	2	overexpressing	myc-Epb4.1l	(F-H)	cells	in	a	“calcium-switch”	assay.	
(C,	F)	Complete	 loss	of	polarity	and	junction	structures	 in	cells	treated	with	
a	medium	lacking	Ca2+ (T=0) is seen. Tight junctions are completely restored 
in	control	cells	from	a	change	in	high	Ca2+	culture	medium	after	12	hours,	as	
visualized	with	ZO-1	and	PATJ	protein	localization	(D,	D’,	E,	E’).	Conversely,	
clone	2	expressing	myc-Epb4.1l	cells	display	a	severe	cellular	disorganization	
and	impairment	in	tight	junction	assembly	as	shown	by	loss	of	ZO-1	and	PATJ	
proteins	in	cell	borders	(arrows	in	G,	G’,	H,	H’).		D’,	E’,	G’,	H’,	Z-sections	sho-
wing	the	apical-basolateral	localization	of	the	proteins.	Bar,	10	µm.
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Chapter 6, Fig. 6	Immunohistochemistry of CRB proteins in the retina. 
A:	CRB1	localizes	to	the	OLM	and	is	not	found	in	the	synapses.	B:	An	antibody	
that	recognizes	all	three	CRB	orthologues	(pan-CRB)	stains	the	OLM	and	the	
OPL.	Immunohistochemistry	was	performed	as	described	in	addendum	2	.

